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Preface 


The 1951 Transactrons (volume 70) of the American Institute of Electrical Engineers is pub- 
lished in two parts. The contents of Part I are listed on the preface page in Part I of the 1951 
volume, 


Part II contains technical program papers and related discussions presented at the General Meet- 
ings during the second half of the calendar year as follows: 


1. Summer General Meeting, Toronto, Ont., Canada, June 25- 29, 1951.* 
2. Pacific General Meeting, Portland, Oregon, August 20-28, 1951. 
3. Fall General Meeting, Cleveland, Ohio, October 22-26, 1951. 


* Twenty-four Summer General Meeting papers and discussions were published in Part I and 
the remainder are included in Part II. 


Part I of Volume 70 contained an index covering only the first half of the year. A complete multi- 
entry index for 1951 (Parts I and IT) is included in this volume. The Report of the Board of Direc- 
tors and the list of Officers and Committees for 1951-1952 also are included in Part II. 


The original number assigned each paper by the Technical Program Committee is given in the 
author index. 


The TRANSACTIONS now contains a new section entitled Discussions From Abroad, beginning on 
page 2136 which has been established to permit members residing outside of the United States 
(exclusive of Canada) to submit discussions which could not otherwise be received before the clos- 
ing dates. 


Statements and opinions given in papers and discussions published in TRANSACTIONS are the ex- 
pressions of contributors for which the American Institute of Electrical Engineers assumes no re- 
sponsibility. 


The Induction Galvanometer, a Sensitive 


Instrument Converter 


R. W. GILBERT 


ASSOCIATE AIEE 


T IS broadly conceded that the most 
effective method of sensitive d-c 
amplification for measurement purposes 
is preliminary conversion to alternating 
current and amplification as alternating 
current. The resolution sensitivity of an 
a-c amplifier is, in good practice, limited 
only by fundamental noise levels, and 
conductive decoupling allows greater 
circuit flexibility for feedback. As a 
class, systems comprising a network loop 
of error conversion, amplification, phased 
rectification and degenerative feedback to 
cancel the error are extensively used in 
many effective devices for d-c amplifica- 
tion as a measurement process. 

Performance of such systems is largely 
contingent upon the detailed characteris- 
tics of the sensitive converter, and con- 
siderable developmental effort has been 
expended to produce the several methods 
and devices in contemporary use; for ex- 
ample, the contact modulator and the 
thermally modulated resistance. In some 
cases characteristic gain is obtained as in 
the saturable reactor amplifier, certain 
nonlinear resistance element circuits, and 
impedance modulators such as the capaci- 
tance modulator. 

The method of choice is naturally de- 
termined by the details of requirement, 
but in general the following are the func- 
tional objectives. 


1. Conversion should be efficient at levels 
sufficiently low to maintain an adequate 
feedback ratio. 


2. The converting device should not intro- 
duce spurious components additive to the 
input level. 


8. The converting device should not be 
subject to excessive drift in terms of input 
level. 


4. The frequency of conversion should be 
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sufficiently high for a high resolution sensi- 
tivity in terms of differential time. 


Contemporary devices are probably 
most deficient in the last objective, being 
limited generally to audio frequencies. 
In closed-feedback systems the feedback 
period must be made long with respect to 
the periodicity of modulation, usually by 
peaking the amplifier, to avoid oscillation 
around the circuit loop or a step-function 
response. The overall system will then 
have a phase velocity insufficient for many 
requirements, or will be objectionable in 
applications where complicating correc- 
tive measures are admissible. Also, 
practical amplifier problems are consider- 
ably alleviated by increasing the operat- 
ing frequency above the range of power- 
frequency hum, power rectifier harmonics 
and microphonic impulses. 

The induction galvanometer here de- 
scribed is a sensitive d-c to a-c converter 
having an advantage of high operating 
frequency; into the megacycle region if 
desired. With suitable amplification 
reasonably peaked to the operating fre- 
quency, feedback periods in the milli- 
second region are readily obtainable. It 
has an inherently high conversion gain, of 
108 order on an energy basis, and delivers 
a high amplifier input level. In practice 
the attendant circuit and component 
economy may be a considerable ad- 
vantage. 


Galvanometer Structure 


The induction galvanometer is essen- 
tially a conventional permanent magnet 
movable coil instrument structure, but in- 
cluding means for injecting an a-c com- 
ponent of magnetic flux into the perma- 
nent field flux path. The functional con- 
struction is shown in Figure 1 wherein the 
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a-c field component is injected by an a-c 
magnetic shunt. When the movable coil 
is in the normal center-zero position the 
flux linkage is zero. But deflection causes 
the coil to link proportionally the a-c 
component of field flux, and an a-c com- 
ponent of potential having a magnitude 
and phase-direction proportional to the 
degree and direction of deflection is in- 
duced in the coil. Thus deflection of the 
coil in response to a d-c current will pro- 
duce an a-c potential which can be ex- 
tracted by the external circuit for 
amplification. 

Of necessity the connected external 
circuit presents an effective a-c impedance 
across the coil, and an a-c component of 
current will circulate through the coil 
causing a force reaction with the a-c com- 
ponent of field flux. The induced poten- 
tial is in quadrature with the field flux, 
and if the coil circuit is entirely resistive 
the alternating current will likewise be in 
quadrature and the reaction force will be 
entirely alternating. However, reactance 
in the coil circuit impedance will develop 
an in-phase component.of coil current, 
and the coil will be subjected to a steady- 
state component of parasitic torque, 
which must be minimized. The torque 
appears as mechanical stiffness, similar to 
that imposed by a mechanical spring, but 
may be of either sign, positive or negative 
when the coil circuit is inductive or 
capacitive respectively. It is, therefore, 
essential that the phase angle of the coil 
and the connected: circuit .be ‘considered. 

Actually the reaction ‘torque effect is 
useful because the coil circuit can include 
a resonated transformer which can be 
trimmed to cancel the torque of the fila- 
ments required for conductive.connection 
to the coil. Transformer tuning thus 
serves as an adjustment to the point of in- 
finite sensitivity by virtue of an infinite 
net mechanical compliance, or as close an 


Paper 51-183, recommended by the AIEE Instru- 
ments and Measurements Committee and approved 
by the AIEE Technical Program Committee for 
presentation at the AIEE Summer General Meet- 
ing, Toronto, Ont., Canada, June 25-29, 1951. 
Manuscript submitted November 9, 1950; made 
available for printing April 23, 1951. 


R. W. Givpert ‘is with the Weston Electrical In- 
strument Corporation, Newark, N. J. 


1121 


MAGNET 


A= 0 ee ee a 
FIELD IGE 


MOVABLE 


IRON POWDER 
INSERTS (3) 


@) 
A-C FIELD 
EXCITATION 


IRON POLE PIECE 


cOIL 


CORE COIL 
een PIVOT 
LINKS (4) 
CONVERTED MOVABLE 
Cc OUTPUT COIL 


C,C,C -RESONATING CAPACITORS 


Figure 1. Galvanometer structure 


approach as practical permanency of ad- 
justment will permit. 


The developed a-c coil potential is 
directly proportional to frequency, 
whereas the reaction force is a current- 
flux product. Thus for a constant con- 
version sensitivity the a-c flux level may 
be reduced by raising the operating fre- 
quency, and the torque effect reduced in 
proportion. In fact, the operational 
quality of the system is proportional to in- 
creasing frequency until limited by some 
secondary consideration such as losses in 
the field structure or the movable coil. 


The solid iron flux paths normally 
used in d-c instrument structures are not 
efficient for the high-frequency compo- 
nent of flux, and conversely magnetic ma- 
terials good at high frequencies have per- 
meabilities insufficient for the relatively 
high level of steady flux from the perma- 
nent magnet. It is thus necessary to have 
a composite magnetic structure including 
materials individually efficient for both 
components of the field flux. Figure’ 2 
illustrates a composite pole structure 
wherein inserts of high-frequency ma- 
terial, iron powder-resin binder com- 
pacts, are included in each pole piece and 
the core. 

In this arrangement the inserts are 
excited by links connected to the pole and 
core faces, forming single-turn loops 
around the inserts by conduction through 
the poles and the core. The outside ends 
of the links are coupled to a field coil con- 
nected to the high-frequency excitation 
source and resonated to the operating 
frequency. The flux is air-returned as is 
permissible at higher frequencies, and will 
not return in any appreciable amount 
through the solid iron and magnet struc- 
ture. A compact design for tightness of 
coupling between the field coil and the 
inserts is desirable to minimize leakage 
reactance which would cause phase 
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shift. Particularly the line impedance of 
the links should be a minimum consistent 
with practical design. 

In the operating circuit both the moy- 
able coil and field coils are individually 
resonated to the operating frequency, and 
for small coil deflections the quadrature 
phase-shift characteristic to loosely cou- 
pled resonated circuits obtains. Thus the 
useful movable coil output appears in 
quadrature to the excitation, which per- 
mits the frequency-shift operating circuit 
described later. 

Figure 3 shows the production design of 
the induction galvanometer in which the 
link and insert structure of Figure 2 is 
discernible. It is intended only as an 
error detector in feedback systems, and so 
is designed to have a minimum of me- 
chanical restoring force; the conducting 
filament connections to the movable coil 
are as light as adequate mechanical 
strength will permit. Also, the angle of 
necessary coil motion is small, and a sim- 
ple rectangular air gap design is used in- 
stead of the usual radial design. 

A zero corrector is included in the 
cover, but it serves only to adjust the fila- 
ments to the position of zero force when 
the coil is at the point of zero coupling. 


Figure 3. 
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Figure 2. 


Galvanometer Performance 


The structure allows some design and 
performance optimums not usual to d-c 
instrument mechanisms. For example: 


1. Thesmall deflection angle allows concen- 
tration of the permanent magnetic field to a 
high density. 


2. The movable coil carries no load such as 
a pointer or mirror, allowing an unusually 
light coil design having a low moment of 
inertia. 


3. The alternating component of torque 
reduces friction to an undetectable order, 
allowing pivot and jewel bearings at sensi- 
tivities normally requiring a suspension de- 
sign. 


4, Electrical cancellation of the filament 
torque provides resolution sensitivity as a 
function of adjustment rather than as a de- 
sign limit. 


The design of Figure 3 has an operating 
frequency of 200 ke, largely dictated by 
amplifier considerations. At a nominal 


excitation level of 0.5 watt a 100 turn 
movable coil of approximately 50 ohms 
resistance will develop an output poten- 
tial of about 1.6 rms volts per degree de- 


Induction galvanometer design for 200-ke conversion 
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| flection. The permanent field flux den- 
sity at the coil is about 8,000 gausses, and 
the d-c sensitivity against the restraint of 
the conducting filaments is about 6 X 107 
ampere per degree deflection. Neglecting 
electrical torque the conversion gain, de- 
fined as the ratio of energy developed in 
the movable coil impedance (about 300 
ohms) to the d-c energy producing it, cal- 
culates on this basis to about 4 X 10”. 
Actually the figure of conversion gain 
is illustrative only because in operation 
the circuit may be adjusted for cancella- 
tion of the restoring force of the filaments, 
in which case the gain is adjustable 
through infinity to a negative sign. 


In practise the conversion gain is more 
than adequate to present other limita- 
tions even when used with an amplifier 
of comparatively low gain. In low range 
operation at high response speed, thermal 
agitation of the movable coil is apparent, 
and imposes a noise level limit. Also, 
drift influences become apparent, mainly 
thermo-electric potentials between the 
filament alloy and the copper in the coil 
and circuit connections; a special fila- 
ment alloy is used to minimize this effect. 
But other than in these respects per- 
formance appears to be a matter of 
critical adjustment, with a reasonable 
expectancy in terms of energy of about 
10° minimum gain. 


Circuit Application 


The major result of the high conversion 
gain is the large feedback ratio obtainable 
using an amplifier of nominal gain. This 
in combination with the high phase ve- 
locity permitted by the high operating 
frequency provides an unusually short 
feedback period for a system including 
mechanical motion in its operating cycle. 
For example, an amplifier input resolu- 
tion of 1 millivolt alternating current will 
require a galvanometer movable coil 
operating excursion of only a few seconds 
of angle. This, together with a relatively 
low mechanical moment of the coil, is 
capable of exhibiting feedback periods in 
the order of a few milliseconds on input 
ranges compatible with drift influences. 
Feedback ratios as high as 10° are entirely 
practical. 


The induction galvanometer as a con- 
verter could be used with the customary 
peaked amplifier, phased rectifier, and 
d-c degenerating feedback network, to 
form a d-c amplifying system. But the 
quadrature phase relationship between 
the field excitation and the converted out- 
put to the amplifier led to the develop- 
ment of a frequency-shift system of opera- 
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tion that proved simpler and more effec- 
tive than the usual magnitude system. 
In particular it avoids a separate field ex- 
citation source. Also it is capable of ad- 
justment to a condition of infinite effec- 
tive gain with a nominal order of actual 
magnitude gain. 


Frequency-Shift System 


In explanation Figure 4(A) shows an 
idealized amplifier having a transconduct- 
ance (G,) of positive sign, coupled back 
upon itself by a pi-network comprising an 
output admittance Y2, an input admit- 
tance Y; and a feedback conductance G3. 
Such a system will oscillate when the am- 
plifier transconductance is larger than the 
real component of the feedback admit- 
tance. The general admittance of the loop 
may be stated as: 


ee VY, Y2+ ViG3+ Y2G; 0 


G 
a G; 


(1) 


which must have a real solution for os- 
cillation. In practical amplifiers the 
transconductance is amplitude-limited by 
the energy output of the amplifier, so a 


solution can develop by an amplitude re- 
duction of G, provided the phase solution 
is real, which requires some frequency 
where the feedback network is entirely 
conductive. Thus the system, if capable 
will oscillate at a frequency (fo) where the 
coupling network has a zero phase angle 
and at an amplitude of oscillation where 
G, is reduced to equality with the transfer 
conductance of the coupling network. 

When the input and output admit- 
tances are large with respect to the feed- 
back conductance, as is permitted when 
G, is of a usual order, equation 1 may be 
approximated as: 


ViYo | 


Gee 
a G; 


0 (2) 


Now consider the addition of a suscep- 
tive feedback element B; in parallel with 
the original feedback conductance G3. 
The simplified impedance, equation 2 now 
becomes: 


Vege 
Got By 


Ga 0 (3) 


The frequency of oscillation will now 
shift to a frequency where the input and 


ee 


eo 
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Yi 


Ga : 
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Figure 4. Equivalent networks for frequency-shift oscillation system 
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Figure 5. 


output admittances will have a composite 
phase angle opposing that introduced by 
B;, and a real solution demands that: 


L(Y, ¥2)= 2(G;+Bs;) (4) 


to keep the coupling network phaseless to 
match the phaseless amplifier transcon- 
ductance G, 

Y; and Y2 are parallel inductance- 
capacitance circuits phase-resonant at fo, 
and the frequency shifts in response to an 
appearance of B; in a direction and to a 
degree proportional to the sign and magni- 
tude of By; respectively. 

The induction galvanometer is applied 
to the circuit to effect a frequency shift in 
the manner of B;. The galvanometer 
field circuit is included as part of the out- 
put admittance V2, and the movable coil 
as part of the input admittance Y;. With 
both parallel-resonant, and loosely cou- 
pled by a sinall movable coil deflection, the 
feedback component due to deflection 
will be shifted in quadrature phase, and 
will appear as the susceptive feedback 
B;. The equivalent B; component is zero 
with the movable coil at center position, 
and appears in sign and amount propor- 
tional to the coil deflection. 

The conductive feedback element G; is 
still necessary to maintain oscillation, but 
only in sufficient amount to insure stable 
operation. 

Figure 4(B) differs essentially from the 
explanatory circuit of Figure 4(A) in the 
addition of the preamplifier section G,, 
effective upon feedback through the 
galvanometer coupling parameter, here 
B,; This increases the sensitivity of 
the system to B, without requiring an im- 
practical low value of conductive feed- 
back, here G,, for maintenance of oscilla- 
tion. When By is zero the preamplifier 
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Circuit diagram, frequency-shift amplifier 


section is quiescent, but the second ampli- 
fier section is in stable oscillation. Y;, VY; 
and Yo are the input, interstage coupling, 
and output admittances respectively. 
The general simplified impedance of the 
loop now is: 
Yi¥e Yo 


Go—-— — =m ( 
© GicBy + Gr Vi 


(5) 
which is similar to that for the illustrative 
circuit, equation 3. The output section 
transconductance G,, is amplitude limited 
as before, but the input section trans- 
conductance G;, is normally constant be- 
cause of the low input level. Note that 
when By is zero the expression neglects 
Gj-, but is much more sensitive to appear- 
ance of B, because of the gain of the input 
section G;,. 

To complete the amplifying system the 
output admittance Vo includes a fre- 
quency discriminating rectifier to supply 
the output direct current in response to 
the frequency shift. 


D-C Degeneration 


The amplifier system as described 
wherein a large useful d-c output obtains 
upon injection of a very small d-c input is 
generally combined with degeneration by 
including a d-c feedback. path in de- 
generative sense. The amplifier then 
serves as an error-resolver and may func- 
tion for example as an automatic poten- 
tiometer. The error amplifier then need 
only have a high gain but not necessarily 
stability, gain producing the necessary 
stability by the feedback mechanism. 

D-c degeneration may be applied in 
many forms familiar to practise, the 
simplest being a single resistance mutual 
to the input and output circuits. It may 
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include functions of time integration or. 
differentiation for purposes of damping or 
for control of response time. It may in- 
clude motor driven components such as a 
slide wire combined with reactive ele- 
ments for damping. But in general the 
freedom with which various forms and 
amounts of degeneration may be success- 
fully applied is contingent upon a high 
phase-velocity in the error resolving func- 
tion; otherwise phase reversals may de- 
velop in the operating loop, leading to in- 
stability or limiting the designed response 
speed. 

In any event, while the methods of de- 
generation are too numerous to discuss, a 
common requirement for high resolution 
sensitivity and phase velocity dictates the 
best obtainable performance in these re- 
spects for the broadest usage. To this end 
a practical design applicable to many de- 
generative systems is described without 
reference to any specific method of de- 
generation or application. 


Amplifier Circuit 


The circuit of the frequency-shift am- 
plifier, including the output frequency dis- 
criminator, is shown in Figure 5 in which 
the components corresponding to the 
equivalent network elements are identi- 
fied. The output-input d-c degenerative 
network with which the amplifier is 
normally used is not shown. The pre- 
amplifier is one half of the dual triode, and 
the amplifier section is the other half of 
the dual triode and a power pentode in 
cascade. Two stages are required in the 
output section to phase the conductive 
feedback G, in regenerative sense. 


The input, interstage coupling and out- 
put (discriminator) transformers are of 
conventional cup-core construction, reso- 
nated to a center frequency of 200 ke with 
slug trimmers. The bulk of the output 
impedance is in the galvanometer field 
and its associated resonating capacitor, 
with the discriminator transformer cou- 
pled by insertion of its primary winding in 
series with the galvanometer field induct- 
ance, which phases the discriminator 
properly. The discriminator primary has 
relatively few turns, the number deter- 
mining the coefficient of coupling between 
the separately resonated galvanometer 
field circuit and the secondary, which is 
connected to the dual diode rectifier. 


The frequency discriminator is a con- 
ventional balanced type as commonly 
used in radio practise, and is phased by 
the capacitive connection to the output 
stage plate. The output direct current is 
thus balanced at center frequency and 
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polarized with respect to frequency-shift 
as the galvanometer deflects. As a power 


_ output element it is reasonably efficient, 


; 
: 


particularly when designed for supplying 
high-impedance load circuits. However, 
it is a peak rectifier and develops current 
pips having frequency components orders 
higher than the operating frequency, and 
so requires decoupling and by-passing not 
shown in the circuit. Otherwise inter- 
ference with the sensitive input end of the 
amplifier may occur. 

An amplifier strip comprising the Fig- 
ure 5 circuit is illustrated in Figure 6. A 
complete production design instrument 
amplifier, including the amplifier strip, 
power supply components and a plug-in 
degenerating network, is shown in Figure 
te 

The output is a current having a range 
of one milliampere into an external burden 
not exceeding 5,000 ohms. The degen- 
erating network unit, or ‘‘range stand- 
ard,”’ can be of either the potential-input 
or current-input type, and both types 
maintain balance in the input source 
circuit; in this sense the amplifier is an 
automatic potentiometer. 


Coupling Conditions 


Note that the galvanometer field and 
the discriminator transformer secondary 
are separately tuned to the same center 
frequency and coupled. The coupling co- 
efficient may then be selected to slightly 
overcouple the two resonant circuits, 
to develop a double-peaked impedance 
and phase characteristic identified with 
the overcoupled condition. In the operat- 
ing loop this compound impedance ap- 
pears in shunt to the single-peak im- 


Figure 6 (below). Amplifier strip assembly using frequency-shift system 


Figure 7 (right). 
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Complete amplifier including plug-in degenerating 
network and power supply 


pedance of the interstage transformer, 
and by proper adjustment of the Q fac- 
tors of the circuits in relation to the 
coupling coefficient an overall flat-topped 
impedance and phase characteristic may 
be developed. 

A flat-topped phase characteristic of 
the overall total shunt impedance requires 
a relatively large excursion of frequency 
to produce a minor order of phase angle 
for balance against the feedback through 
By;, and a correspondingly small appear- 
ance of B, causes a large frequency shift. 
Theoretically a truly flat top would make 
the system infinitely sensitive to B,. 

Overcoupling in proper amount thereby 
provides a method of simple adjustment 
to any desired incremental sensitivity 
about the center-frequency point, and a 
relatively high sensitivity over reasonable 
excursions from center. Apparently the 
system is considerably superior to a con- 
ventional amplitude amplifier of similar 
component complement, unless regener- 
ated for extra gain which is ordinarily not 
as tractable of adjustment as 
resonant impedances. 


simple 


It would appear that excess over- 
coupling resulting in double-peaking of 
the total impedance could cause insta- 
bility by making the frequency of oscilla- 
tion jump discontinuously from peak to 
peak, as commonly occurs in coupled 
oscillators. However, in use the system 
includes a d-c degenerative feedback loop 
which exerts a corrective action. When 
the system is highly degenerated excess 
overcoupling may in fact be perfectly 
stable, and is evidenced by reversal of the 
balancing action of the galvanometer; in 
this case the galvyanometer exerts re- 
straint upon the frequency shift rather 
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than initiating the shift. Sensitivity in 
terms of galvanometer deflection is then 
past infinity and negative. But actually 
the ideal adjustment condition is still the 
point of disappearing galvanometer de- 
flection, with ability of the system to ac- 
commodate excess overcoupling con- 
sidered as an adjustment tolerance. 


Performance 


It is difficult to present a concrete 
analysis of the performance of a system 
where results are dependent almost en- 
tirely upon adjustment. Some adjust- 
ment tolerance must be determined as a 
permanent condition from the standpoint 
of engineering design, as a basis for 
evaluation. Upon this basis the following 
details of performance are offered: 


1. Galvanometer excursion for full output 
excursion is in the order of 5 seconds of 
angle. This has not been measurable by 
direct observation, but determined from the 
developed coil potential and/or the time- 
constant of feedback in a degenerated sys- 
tem against the mechanical moment of the 
coil. 


2. Galvanometer resolution in terms of de- 
flection and spring compliance is by far suf- 
ficient to make other limiting conditions, 
thermal drift for example, the effective limit 
upon the input sensitivity. 


3. The small mechanical moment of the 
coil, the short excursion angle and the high 
phase velocity of the amplifier operating at a 
high frequency combine to result in a short 
feedback period. For example degeneration 
to an input range of 1 millivolt will result in 
a feedback period of about 0.1 second under 
a condition of considerable misadjustment. 


4. When the amplifier is closely adjusted 
and critically examined, limiting noise due 
to thermal motion impacts upon the movable 
coil is observable. This is the generally 


recognized limit to the sensitivity of gal- 
vanometers beyond which amplification in- 
volves bandwidth considerations. 


The short feedback period is perhaps 
most useful in providing stability when 
the feedback circuit is designed for dif- 
ferentiation or integration functions. 
For example current may be time- 
integrated by feedback through a capact- 
tor, and potential may be time-integrated 
by feedback through a mutual inductor. 
In such cases even short phase delays in 
the amplifier will lead to over-all feedback 
oscillation around the operating loop. 

In feedback systems such as those to 
which this circuit is applicable it has ap- 
parently only been recently appreciated 


Discussion 


John H. Miller (Weston Electrical Instru- 
ment Corporation, Newark, N. J.): It is 
quite possible that Mr. Gilbert has not suf- 
ficiently stressed the extremely high ac- 
curacy capable with his amplifier. It will be 
noted that the conversion accuracy is 
strictly associated with the feedback resistor 
within the bounds of the magnitude of the 
error signal required for rebalancing. Be- 
cause of the very high frequency used in the 
converting system, even a moderate phase 
velocity gives very rapid rebalancing to the 
end that extremely tight feedback coupling 
can be used. 

Obviously there is no restriction to the 
form of the feedback network and where ex- 
tremely high accuracy is wanted a resistor of 
the National Bureau of Standards standard 
type can be used, and since a 4-terminal 
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that the sensitivity of error detection 
may be raised through infinity to function 
with stability on the negative side. The 
normal action of initiating control then 
has become restraint upon a system that 
spontaneously desires to initiate the 
change. Stability, whether operation is 
by initiation or restraint, is a function of 
the time parameters of the system, and 
transition through the point of infinite 
error resolution need include no discon- 
tinuous function leading to instability. 

In the production design of Figure 7 a 
warm-up thermal drift having a stated 
5-microvolt maximum essentially deter- 
mines the resolution sensitivity of the 
system. This corresponds to about 0.1 


ve 


microampere in the 50-ohm galvanometer 
Zero adjustment of the © 


movable coil. 
galvanometer after warm-up will resolve 
most of this error. The working error is 


this resolution sensitivity figure added to_ 
the adjustment figure of the range stand- — 


ard resistors, which may be made 0.1 per 
cent of the range. 
below about 5 millivolts or 100 microam- 


peres resolution sensitivity is limiting, and 4 
on higher ranges the standardized resistor 
adjustment is limiting. On still higher — 


ranges the resolution sensitivity warrants 
a resistor adjustment accuracy beyond 
that normally feasible; for example on a 
l-volt range the possible precision is 5 
parts per million. 


connection is applicable this resistance may 
be external to the amplifier and oil im- 
mersed and temperature controlled if that 
refinement is deemed desirable. 

Thus it is quite possible to apply this 
amplifier to the measurement of low values 
of current and voltage to the best accuracy 
possible with modern deflectional instru- 
ments, 1/10 of 1 per cent. Those instru- 
ments usually take power of the order of 
several milliwatts, an amount of power fre- 
quently not available from low energy 
sources. 

As a specific example, let us assume a po- 
tential of up to 20 millivolts from a noble 
metal thermocouple of moderately high re- 
sistance which is to be measured with a de- 
flectional instrument to a good degree of 
accuracy. The potential can be connected 
to the amplifier which will have a coupling 
resistor of 20 ohms and of high accuracy. 


Gilbert—Induction Galvanometer, a Sensitive Instrument Converter 


The output can then be placed on a 1/10 of 
1 per cent standard deflectional instrument 
from which full accuracy can be obtained; 
at the same time the measurement is made 
with effectively infinite resistance in the in- 
put circuit since the only current taken is a 
very minute amount. A resolution of one 
part in 5,000 will actually be obtained in the 
amplifier. Such an arrangement can be 
found very useful in laboratory measure- 
ment of temperatures and, of course, the 
millivolt value may be obtained from any 
other transducing element. 

We feel that this dependence of the ac- 
curacy of the amplifier only on the coupling 
or feedback resistor is a very important part 
of the system as a whole and may well be 
most useful in the accurate measurement of 
currents and voltages in brackets which 
heretofore could not be placed on deflec- 
tional-type instruments. 
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: A Study of Carrier-Frequency Noise on 


Power Lines 


Part I. 


Theoretical Considerations and Measuring 


Techniques 


R. C. CHEEK 


MEMBER AIEE 


NE of the basic criteria of the per- 
formance of any communication or 
signaling circuit is its signal-to-noise ra- 
tio. In a power-line carrier communica- 
tion channel, poor signal-to-noise ratio 
may result in unsatisfactory service of a 
degree varying from barely perceptible 
background noise* to complete masking 
and total loss of intelligibility of the 
speech signal. In telegraphic types of 
channels, poor signal-to-noise ratio can 
cause misoperation ranging from an occa- 
sional spike on a telemetered chart record 
to incorrect tripping of a circuit breaker 
through a carrier remote tripping system. 
Although the application of power-line 
carrier equipment is still in some respects 
as much an art as it is a science, methods 
of estimating the attenuation of a pro- 
posed channel are available.'? These 
methods are largely empirical, but they 
give fairly good results for well-trapped 
channels. It is possible, therefore, to 
estimate the signal that will be delivered 
to a receiving point by a carrier transmit- 
ter of a given power and frequency, pro- 
vided sufficient information on the inter- 
vening system layout is available. This 
is only half the story, however, because 
the noise level must be known or esti- 
mated in order for the signal-to-noise ra- 
tio to be predicted. 


* The general term ‘‘noise’’ is used in this paper to 
designate all electrical disturbances that may give 
rise to unwanted frequency components within the 
acceptance band of a receiver, exclusive of inten- 
tionally generated continuous-wave signals. The 
term ‘‘noise’’ thus applies regardless of whether re- 
ception is aural or mechanical. 
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J. D. MOYNIHAN 


ASSOCIATE AIEE 


A search of the literature has failed to 
reveal any quantitative information on 
carrier-frequency conducted noise levels 
on power transmission lines. This is re- 
markable in view of the present-day im- 
portance of a knowledge of noise levels at 
proposed carrier receiving points, but is 
probably explained by the fact that only 
during the last decade, which has seen a 
trend toward longer carrier channels, 
lower transmitter power, and increased 
receiver sensitivity, has the problem of 
noise on carrier channels become an acute 
one. 

In an effort to establish benchmarks for 
estimating noise levels on transmission 
lines of various voltage classes and various 
types of construction, the authors have 
undertaken a program of carrier-fre- 
quency noise measurement which, it is 
hoped, will eventually permit signal-to- 
noise ratios to be predicted with reason- 
able accuracy. A necessary preliminary 
step in this program was a search of the 
literature on radio noise and its measure- 
ment, with a view toward establishing 
from theoretical considerations the prop- 
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erties of noise most likely to affect carrier 
channel performance, and adapting noise- 
measuring techniques already developed 
in the radio field to the measurement of 
these properties of carrier-frequency noise 
on power lines. 

Concurrently with the actual measure- 
ment of noise in the field, a study is being 
made of the effect of different noise levels 
and the resulting signal-to-noise ratios 
upon the performance of actual carrier 
equipment in various applications. 

The study thus resolves itself into three 
major divisions, that is: 

1. Study of the theoretical aspects of noise 


leading to development of measuring tech- 
niques and procedures. 


2. Measurement in the field of noise char- 
acteristics on actual lines of various voltage 
classes and types of construction. 


8. Correlation of measured noise charac- 
teristics and required signal-to-noise ratios 
for given grades of service with typical 
carrier receiving equipment in various 
applications. 


This paper describes the studies made 
under division 1 above, including a review 
of some of the theoretical aspects of noise 
and a discussion of measuring instruments 
and recommended medsuring techniques. 
A companion paper gives the results of a 
series of field measurements of carrier- 
frequency noise on representative trans- 
mission lines. A later paper will report 
on the effects of transmission-line noise of 
known characteristics on typical carrier 
receiving equipment in various applica- 
tions. 


Characteristics of Noise 


Noise due to all causes can be divided 
into two broad classifications: random 
noise and impulse noise. The properties 
of these two types of noise are markedly 
different, and their relative effects vary in 
a different manner from each other when 
receiving equipment characteristics vary. 
Hence, the two will be discussed sepa- 
rately. Both types are present simultane- 
ously on power lines, but the tests re- 
ported in the companion paper® indicate 
that impulse noise always predominates to 
a greater or lesser extent. 
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Ranpom NOISE 


Random noise is noise with a continu- 
ous frequency spectrum resulting from the 
random occurrence of an infinite number 
of elementary discharges or fluctuations 
that are not in themselves separately dis- 
tinguishable. The audio output of a 
communication receiver to which true 
random noise is applied is a soft hissing or 
rushing sound. 

Noise approaching true random noise 
in its characteristics may appear on 
power-line carrier channels as a result of 
thermal agitation in the power-line con- 
ductors, pick-up of distant atmospheric 
discharges or static by the power-line 
conductors acting as antennas, and tube or 
resistor noise in carrier receivers. The ag- 
gregate of the almost infinite number of 
small random discharges that occur con- 
stantly on an extensive power system also 
probably approaches random noise in its 
characteristics if these random discharges 
are considered separately from the large, 
separately distinguishable, and more or 
less regular pulses which predominate. 


IMPULSE NOISE 


Becatise impulse noise is the predomi- 
nant type of noise on power lines, it will 
be discussed in somewhat greater detail 
below. 

Impulse noise consists of sharp, dis- 
crete, well-separated impulses, each iden- 
tifiable with a specific electrical discharge. 
The repetition rate of the impulses may 
be random or regular. If the repetition 
rate is irregular, the noise contains all 
frequencies in the spectrum and the am- 
plitudes of the individual frequency com- 
ponents vary only gradually over a given 
band of frequencies. If the pulses are 
uniform and have a regular repetition 
rate, their frequency spectrum contains 
discrete frequency components separated 
by a frequency equal to the repetition 
rate, that is, it consists of the fundamental 
and harmonics of the repetition frequency. 

It is reasonable to expect impulse noise 
on power lines to have a more or less uni- 
form repetition rate because of the cyclic 
nature of the power voltage that gives 
rise to the electrical discharges. How- 
ever, random pulses also can be expected 
as a result of switch operations, faults, 
and lightning discharges on or near the 
power line. In a carrier communication 
channel, typical power-line noise pro- 
duces a harsh, raspy buzz upon which are 
superimposed strong clicks or pops of 
random occurrence, indicating that regu- 
lar as well as random pulses are present 
in the channel. 

A conyenient type of pulse to use in a 
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mathematical analysis of the effect of im- 
pulse noise in reception is a unit pulse 
occurring at =0. Such a pulse has in- 
finitesimal duration and infinite ampli- 
tude, such that its time integral is unity. 
The frequency spectrum of the unit pulse 
can be deduced from its Fourier integral 
representation, 


Cs) 


dey (1) 


1 
i(t) Soot) ae 
which shows that all frequencies are pres- 
ent in such a pulse and further that all 
frequency components have the same am- 
plitude. 

In reference 4 it is shown that if an im- 
pulse is of such short duration that the 
system to which it is applied does not re- 
spond appreciably before the impulse is 
completed, its operational form is simply 
Ap, where A is the force-time area of the 
pulse. This is an important result, not 
only because of the usefulness of such a 
representation in an analysis of the effect 
of impulse noise upon receiving equip- 
ment, but also because it demonstrates 
the fact that the response of a receiver to 
a sharp pulse, or to a continuous train of 
well-separated sharp pulses, is independ- 
ent of the actual amplitude or shape of 
the individual pulses at the input to the 
receiver and is dependent only upon their 
areas. 


IMPORTANCE OF RECEIVER 
CHARACTERISTICS IN EVALUATING 
EFFECTS OF NOISE 


The ultimate harmful effects of noise of 
any kind occur in the end device con- 
nected to the output circuit of a receiver, 
for example, a telephone receiver or a tele- 
metering instrument. Because the noise 
is radically modified in passing through 
the tuned circuits and the detector of a re- 
ceiver, it is necessary to consider the ef- 
fect of receiver characteristics upon noise 
in any evaluation of the relative impor- 
tance of the various parameters that may 
be used to describe the noise. 

The tuned circuits of the receiver have 
a major modifying effect upon noise in its 
passage through the receiver, because 
only those frequency components of the 
noise that are accepted by the tuned cir- 
cuits are detected and passed on to the 
end device. It is evident, therefore, that 
the selectivity of the receiver is an impor- 
tant factor in evaluating the ultimate ef- 
fect of noise of a given type. 

The most commonly used measure of 
selectivity is the width of the experimen- 
tally determined receiver selectivity curve 
between the two points at which the gain 
is 3 decibels down from the midband value 
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. : i D 
Go. A more specific measure is the power 


bandwidth, which is defined as 


Si? expag 

0 

Bo= ee (2) 
where G(f) is the response of the receiver 
as a function of frequency. The power 
bandwith Bo is the width of an ideal (rec- 


tangular) response curve which would re-— 


sult in the same noise power output if sub- 
stituted for the actual response curve G(f) 
with random noise applied to the receiver. 
In Appendix I it is shown that the power 
bandwidth of a cascade amplifier with 
“ny” single-tuned circuits is, for ordinary 
values of Q, 


afo(2n—2)! 

Bo= 09" —Vn—1)/2 (3) 
where fp is midband frequency and n is the 
number of tuned circuits. The Q of all 
the tuned circuits is assumed to be the 
same. By application of Stirling’s for- 
mula,® this expression reduces to (approxi- 
mately) 


are (4) 


For n25, the power bandwidth ap- 
proaches to within a few per cent the 
bandwidth specified on the basis of 3-deci- 
bels drop in gain.® 


RESPONSE OF A RECEIVER TO RANDOM 
NOISE 


If the individual components of ran- 
dom noise have the same amplitude e at 
all frequencies, the mean square output of 
a receiver to which it is applied is 


Et= {GX flerdf (5) 
which from equation 2 can be expressed as 
E*=e?Go*Bo (6) 
so that 

Erma =eGoV Bo (7) 


Actually e will not have the same value 
at all frequencies, but due to the random 
nature of the amplitude distribution, the 
result is the same when the analysis is 
made on a statistical basis with e equal to 
the mean value of the component volt- 
ages. Thus, the rms noise output of a 
selective amplifier to which random noise 
is applied is proportional to the square 
root of the bandwidth of the amplifier. 

The peak and the average values of the 
envelope of random noise are both statis- 
tically related to the rms value, and these 
relations are independent of the fre- 
quency interval. Hence, the peak and 
the average values of random noise also 
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Figure 1. Selective amplifier with n tuned circuits used in 


analysis of response of a receiver to impulse noise 


are proportional to the square root of the 
bandwidth. Jansky’ has reported a 
measured value of four for the ratio of 
peak to mms voltage, and a value of 0.85 
for the ratio of average to rms voltage for 
random noise over a wide range of band- 
widths. Landon’ also has confirmed ex- 
perimentally the variation of rms and 
peak values of random noise with the 
square root of the bandwidth and has re- 
ported a ratio of 3.4 of the peak to the 
rms value. Strictly speaking the peak 
value is indeterminate and can be defined 
only in terms of a voltage which is 
equalled or exceeded a certain number of 
times during a given period. It is prob- 
ably the arbitrary nature of this kind of 
definition that leads to the divergence of 
the results of the several investigators. 


RESPONSE OF A RECEIVER TO IMPULSE 
NOISE 


The term “shock excitation’’ is often 
used to describe the phenomena associ- 
ated with the application of a sharp im- 
pulse to a selective circuit. It is well 
known that the result is an oscillation at 
the natural frequency of the circuit in- 
volved. 

In the case of a sharp impulse applied 
to a receiver, which usually contains a 
number of tuned circuits, all of the tuned 
circuits oscillate but the envelope of the 
oscillation is different for each. Consider 
the case of a receiver having m single- 
tuned circuits preceding the detector, as 
shown in Figure 1. For a sharp pulse 
applied at t=0 in series with the induct- 
ance of the input circuit (for example, 
from an untuned coupling coil) the en- 
velope of the oscillatory voltage applied to 
the detector by the uth tuned circuit is 
approximately (for Q large, as in the usual 
receiver tuned circuits) 


Beatin. 


E(t) =2AoaGo Gini) 


(8) 
in which A» is the integrated volt-time 
area of the original pulse, a=R/2L= 
tfo/Q, and Gp is the over-all gain of the 
stages considered for a continuous-wave 
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signal at the midband frequency fo, to 
which all the circuits are assumed to be 
tuned. Equations equivalent in form to 
equation 8 have been given by Landon’ 
and Thomas and Burgess® but neither of 
these authors gives a derivation. An 
independent derivation is given in Ap- 
pendix II. 

Equation 8 also holds for the case of a 
pulse applied to the first-stage grid of an 
amplifier of the type shown in Figure 2. 
Note, however, that the value of Gp is dif- 
ferent for the two cases. 

If equation 8 is divided by the midfre- 
quency gain Go, and the resulting expres- 
sion is plotted as a function of time for 
several different values of n, the effect of 
the tuned circuits upon the oscillation en- 
velope can be examined. This is done in 
Figure 3, in which the output for »=1 to 
four tuned circuits is plotted. 

It is evident from Figure 3 that the ef- 
fect of the tuned circuits is to lengthen the 
pulse and to reduce its peak value. Also, 
the peak value occurs at a longer and 
longer time after application of the pulse 
as nm is increased beyond a single stage. 
This peak occurs at 

u—l 
i= (9) 

a 
at which time the amplitude of the enve- 
lope is 


Figure 2. N-stage tuned amplifier with signal injected directly at first-stage 
grid. The ratio of pulse response to midband gain for this amplifier is the 
same as that for the amplifier of Figure 1 


ECO ged 
(n—1)! 


Emax =2A paGo ( 10) 


and from equations 4 and 10, again by ap- 
plication of Stirling’s Formula,® 


Emax =2 V2A 0GoBo ( 11 ) 


Hence, the peak value of the envelope is 
directly proportional to the bandwidth, 
the gain of the receiver, and the area of 
the original impulse. 

The peak value of the response of a re- 
ceiver to impulses is an important factor 
in the operation of carrier communication 
channels. In an automatic simplex car- 
rier assembly a transfer unit performs the 
switching operations between the trans- 
mit and the receive conditions and vice 
versa. The transfer unit responds to 
noise peaks when they exceed a certain pre- 
set level, normally well below the mini- 
mum received carrier signal level, and un- 
der these conditions the carrier transmit- 
ter may be intermittently or permanently 
blocked. In other types of communica- 
tion channels, impulse noise produces a 
masking or distracting effect which is 
roughly a function of the peak value of the 
noise at the output of the receiver (and 
also of the repetition rate, as will be dis- 
cussed later). 

The average value of the envelope of the 
receiver detector output is the most im- 
portant factor in evaluating the effect of 


E(t) 


RELATIVE VALUES OF 


Figure 3. | Effect of number of tuned circuits n in Figures 1 and 2 upon pulse response. In- 
creasing n lengthens the pulse response and reduces its peak value 
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repetitive impulse noise in the operation 
of carrier channels for telegraphic types 
of functions, for example, for relaying, 
telemetering, and supervisory control. 
Such functions usually involve use of a 
polarized d-c relay in the detector cir- 
cuit. The detector itself is normally a 
linear diode or a linear plate detector. 
The average value of the response of such 
a system to sharp impulses can be found 
by first integrating equation 8 with re- 
spect to time as follows: 


af E(t)dt =2A .aGoX 
0 
ea n—liy 
oO aGe C12) 
“ (n—1)! 


Then, if the pulses have a repetition rate 
of m per second, and provided that the 
repetition rate is such that the wave 
trains in the tuned circuits do not overlap 
appreciably, the average response is 


‘av =2mA oGo (13) 


which is independent of the bandwidth. 

Since the spectrum of a unit impulse 
contains all frequencies with equal ampli- 
tudes, it follows that the noise energy in 
a given interval is proportional to the 
interval. Hence, the rms value of re- 
ceiver response with impulse noise is pro- 
portional to the square root of the band- 
width, as with random noise. The rms 
value of the response is of less importance 
than peak and average values in evaluat- 
ing the harmful effects of noise in power- 
line carrier applications, as previously in- 
dicated. 


RESPONSE OF RECEIVER TO COMBINATION 
OF RANDOM AND IMPULSE NOISE 


In the preceding discussions, the as- 
sumption of purely random noise or 
purely impulse noise has been made 
throughout. Also, the impulses were as- 
sumed to be sharp and well separated in 
the case of impulse noise. If the noise is 
a composite type, made up of random 
noise and impulse noise with neither 
markedly predominant, the peak value of 
the noise at the receiver output can be ex- 
pressed as 


Emax =kiBo® (14) 


where 6 has a value between 0.5 and 1.0. 
The average value of the output can be 
expressed as 


Eay =k: Bo? (15) 
where y has a value between 0 and 0.5. 
If the noise consists of sharp impulses, 


the separation of the impulses determines 
for a given bandwidth whether equations 
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Figure 4. Maximum pulse repetition rates for which the response of a 100-kc selective amplifier 
to a particular pulse is down to 1 per cent of peak value before the next pulse occurs 


? 


11 and 13, which were derived on the as- 
sumption of a single sharp impulse, are 
applicable. If the repetition rate is suf- 
ficiently high to cause appreciable over- 
lapping of the resulting wave trains in the 
receiver, the conditions for composite 
random and impulse noise, equations 14 
and 15, apply. An idea of the band- 
widths and pulse rates at which this be- 
gins to occur is given by Figure 4, which 
shows for a 100-ke amplifier the pulse rep- 
etition rates at which the response to 
each individual pulse (equation 8) is down 
to 1 per cent of its maximum value before 
the next pulse occurs. 

Lippert et al® report that the noise field 
in the vicinity of 3-phase transmission 
lines has an average pulse repetition rate 
on the order of 20 pulses per second, the 
pulses resulting primarily from corona 
discharges on the negative half-cycles of 
the 60-cycle voltage. Although at least 
60 pulses per second might reasonably be 
expected, the erratic nature of the corona 
bursts produces an effective pulse rate 
below this figure, according to these inves- 
tigators. These conclusions agree fairly 
well with the findings reported for con- 
ducted line noise in the companion paper,’ 
and it is therefore possible to conclude 
from Figure 4 that in carrier receivers of 
the usual bandwidths, the reponse to 
noise consisting predominantly of im- 
pulses is as given by equations 11 and 13. 
Thus, increasing carrier communication 
receiver selectivity should reduce propor- 
tionally the peak value of the response to 
impulses of the type found in power lines, 
up to the maximum selectivity that can 
be used in such receivers. In telegraphic 
channels, however, where the average 
response to noise is most important, in- 
creased selectivity cannot be expected to 
reduce materially the effects of impulse 
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noise until the extremely sharp selectivity 
is reached at which the wave trains result- 
ing from the pulses begin to overlap. 
Further increases in selectivity should 
provide reductions in average response 
approaching proportionality to the square 
root of the resulting bandwidths. 


QuasI-PEAK VALUE OF IMPULSE NOISE 


The American Standards Association” 
has published proposed standards for ra- 
dio noise meters including provision for 
measurement of a ‘“‘quasi-peak’’ value of 
noise. The quasi-peak value is based on 
the use of a detector output circuit which 
has a fast charging time (1 millisecond) 
and a relatively slow discharging time 
(600 milliseconds). These time constants 
result in a reading which is near the peak 
value of the response of the detector to 
pulses occurring at a rate of approxi- 
mately 15 or more per second. Experi- 
ence in the radio noise measurement field 
has shown that quasi-peak readings are 
approximately proportional to the mask- 
ing or distracting effects of noise in aural 
reception of modulated signals. Hence, 
it is logical to expect quasi-peak readings 
of conducted carrier-frequency noise to 
be indicative of the probable effects of 
such noise on carrier communication 
channels of the duplex or manual simplex 
types. In the automatic simplex type, 
as has already been pointed out, the ac- 
tual peak value is of more importance be- 
cause it is the factor that determines 
whether the transfer unit operates. 

With irregular pulses, or pulses of high 
amplitude that occur infrequently, the 
quasi-peak reading is somewhat less than 
the absolute peak value reached. When 
transfer unit operation is not involved, 
however, the masking effect of such peaks 
is not as great as if they were repetitive 
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at a rapid rate, and the quasi-peak value 
is correspondingly lower than the maxi- 
mum value. 


Measurement of Power Line Carrier 
Noise 


From the foregoing discussion it is evi- 


| dent that ,considerable information is 


necessary to define noise of the type exist- 


| ing on transmission lines if measurements 


of such noise are to be generally useful. 
Noise essentially random in its character- 
istics can be specified simply on the basis 


| of its rms or its average voltage in a given 


bandwidth, but impulse noise requires 
several parameters for its definition. Be- 
cause the noise response at the output of 
a receiver to which impulse noise is ap- 
plied is of more practical interest than the 
detailed characteristics of the original 
noise pulses themselves, it does not appear 
necessary to include such parameters as 
the original pulse amplitude or duration. 
What is required is a measurement of the 
peak, quasi-peak, and average values of 
the response of a receiver (that is, a noise 
meter) of known bandwidth, the band- 
width being sufficiently large to avoid 
overlapping of the pulse response. These 
values can then be referred to different 
bandwidths, using the relations previ- 
ously derived, provided that the pulse 
repetition rate is not so great that over- 
lapping of the pulse response occurs at the 
new bandwidth considered. Thus a 
knowledge of the pulse rate also is desir- 
able. 

The noise levels measured at a given 
point on a power system can be expected 


Figure 5. Noise meters suitable for meas- 

uring conducted noise on power lines. 

(Below) Stoddart type NM-10A (right) Ferris 
model 64-AB 
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to vary with the frequency at which the 
measurement is made, partly because the 
attenuation of the system to noise com- 
ponents from distant sources will vary 
with frequency as for actual signals. 
Hence, the noise levels should be investi- 
gated over the entire carrier frequency 
range, unless the measurement is made for 
the application of a specific channel at a 
predetermined frequency. 

It is well known that noise on carrier 
channels varies radically with weather 
conditions, and isolated readings of noise 
have little value unless correlated with 
weather. The most desirable method of 
taking this factor into account is to record 
the noise level (for example, the quasi- 
peak level) continuously at some conven- 
ient frequency over a period long enough 
to include a representative variety of 
weather conditions at the test location. 
The relative variation of peak, quasi- 
peak, and average readings under differ- 
ent weather conditions should also be 
investigated. 


DISCUSSION OF NOISE METERS 


An ideal meter for measuring power- 
line carrier noise would include a means 
of determining the relative amounts of 
conducted random and impulse noise 
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present in a given bandwidth in the car- 
rierspectrum. In addition it would be able 
to indicate the pulse repetition rate for 
the impulse noise present, and to indicate 
and record the peak, quasi-peak, and the 
average values of the noise. 

Although several available types of 
noise meters approach this ideal, practical 
limitations prevent their reaching it com- 
pletely. There is no meter available 
that can separate random and impulse 
noise and measure the characteristics of 
the two independently. However, a 
comparison of the quasi-peak reading 
with the average reading of a given com- 
posite noise provides an indication as to 
whether one type or the other is predomi- 
nant. The manufacturer of the Stod- 
dart type NM-10A noise meter, for ex- 
ample, recommtends that the noise be 
considered predominantly impulsive in 
nature if the ratio of quasi-peak to average 
reading exceeds 1.8. This appears rea- 
sonable on the basis that random noise 
peaks do not exceed 1.8 times the average 
value often enough to provide a quasi- 
peak meter reading approaching this fig- 
ure. 

For impulse noise consisting of short, 
sharp pulses the ratio of peak to average 
readings in a given bandwidth is roughly 
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proportional to the pulse repetition rate. 
However, since both random and impulse 
noise may be present on a power line, it 
appears preferable to examine the output 
of the meter on an oscilloscope with a cali- 
brated sweep oscillator for a more accu- 
rate determination of the pulse rate. 

A limitation of practical noise meters is 
their inability to record peak values con- 
tinuously. At present, peak values are 
obtained by a slide-back method which 
does not lend itself to continuous record- 
Ing. Gas 

In spite of these limitations, much 
valuable and useful information can be 
obtained with modern noise meters meet- 
ing the proposed American Standard As- 
sociation standard.” At least two makes 
of such instruments covering the power- 
line carrier spectrum are available. Two 
typical noise meters suitable for measur- 
ing carrier-frequency conducted noise are 
shown in Figure 5. 

It should be noted that an attempt to 
measure noise with a conventional carrier 
receiver calibrated on continuous-wave 
signals, using a milliammeter to measure 
the rectified (diode detector) current, 
will yield information only on the aver- 
age value of the noise envelope. This 
information, although it may be useful in 
connection with the application of tele- 
graphic channels, is not of much value in 
the application of voice communication 
channels. The same limitations apply to 
noise measurements made with tunable 
carrier-frequency voltmeters not provided 
with quasi-peak weighting circuits. In 
both cases the average readings obtained 
are too low to be indicative of the masking 
effect of the noise in communication ap- 
plications. If such measurements are 
made in connection with other applica- 
tions, the relative bandwidths of the 
measuring device and the apparatus to be 
applied must be taken into account. 


Conclusions 


From the foregoing theoretical analyses 
and the subsequent discussions, the fol- 
lowing conclusions have been reached: 


1. More information is needed on the con- 
ducted noise levels existing on power lines at 
power-line carrier frequencies. 


2. The average, peak, and rms values of 


the response of a carrier receiver to random 
noise are proportional to the square root of 
the bandwidth of the receiver. 


3. The peak value of the response of a 
carrier receiver to impulse noise consisting 
of sharp, well-separated pulses is propor- 
tional to the bandwidth of the receiver and 
to the volt-time area of the original pulses, 
but it is independent of the actual peak 
amplitude of the latter. 
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4. The average value of the response of 
carrier receivers of the usual bandwidths to 
sharp, well-separated impulse is independent 
of the bandwidths of the receivers but is 
proportional to the volt-time area and the 
repetition rate of the original pulses. The 
rms value of the response is proportional to 
the square root of the bandwidth, as with 
random noise, in addition to these factors. 


5. Knowledge of the peak values of the re- 
sponse of a receiver to impulse noise is im- 
portant in the application of automatic 
simplex carrier communication channels. 
Quasi-peak values are more indicative of the 
probable interfering properties of noise in 
other types of communication channels. 
Average values are more important in the 
application of telegraphic types of channels. 


6. Radio noise meters designed in accord- 
ance with modern proposed standards can 
provide information on the conducted 
carrier-frequency noise levels on power lines 
which will be useful in the application of 
both voice and telegraphic types of carrier 
channels. Calibrated receivefs, or other 
instruments not provided with quasi-peak 
weighting circuits, in general provide in- 
formation only on the average value of noise 
response, which is not indicative of the 
actual masking effect of impulse noise in 
voice communication circuits. 


7. Measurements of carrier-frequency noise 
at a given point in a power line should in- 
clude determination of whether random or 
impulse noise predominates, measurements 
of peak, quasi-peak, and average noise over 
the carrier spectrum with a noise meter of 
known bandwidth, a record of the approx- 
imate pulse repetition rate if impulse noise is 
predominant, and a continuous record of a 
representative noise response (for example, 
quasi-peak) over a period of time sufficient 
to include a variety of weather and switching 
conditions. 


Appendix |. Bandwidth of 
Cascade Amplifier with “N” 
Single Tuned Circuits 


In a cascade amplifier, for example, 
Figure 1, comprising  single-tuned circuits 
all tuned to the same resonant frequency fo 
and having the same high Q, and with each 
circuit isolated from the others by tube 
stages, the power bandwidth is the same 
whether the input voltage for each stage is 
injected in series with the inductance from a 
low-impedance source, or across the parallel 
circuit from a high-impedance source. The 
assumption is made in the case of series in- 
jection that the output voltage to the grid 
of the following stage is proportional only to 
the current in the circuit, that is, that the 
reactance of the capacitor C is constant, 
which is permissible with negligible error for 
the small bandwidths being considered. 
Also, it is assumed that the reactance around 
each circuit is 2X0(f—fo)/fo, where Xo is the 
reactance of either branch at fo, and that R 
is constant. 

Consider as an example the case where the 


input voltage is applied from a high-imped- ~ 


ance source across the parallel circuit. The 
response as a function of frequency for this 
case is proportional to the parallel imped- 
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ance, which under the assumptions stated is _ 


for each stage yy 


bj MG: 
VR?+ [2X f—fo)/fol? 


The response of each stage at fo is propor- 
tional to 


ZA(f)= 


(16) 


Zo=QunL =L/RC (17) 
and the power bandwidth, by equation 2, 
for n stage is - 
de Zt 
oS Vise 
= 18 
| 4 a+raoy—aeyer O* 
or 
: -f : om (19) 
PJ (fo? +40%fr?—80%Fof +4077)” 


which by use of Forms 67 and 71 of Peirce’s 
Tables and after some manipulation is, for 
the usual values of Q, 


fo 2n—2)! 


B= 
° 2" (n—1)!2 


(20) 


A similar derivation for the case of series 
injection of the input signal to each stage 
leads to an expression identical to equation 
18, and therefore equation 20 also applies. 


Appendix Il. Impulse Response 


of Cascade Amplifier with “N”’ 
Tuned Circuits 


In reference 4 it is shown that (with cer- 
tain mathematical restrictions that are met 
in practical physical cases) the operational 
form of short impulse is Ap, where A is the 
area of the impulse. This form can be used 
to represent any impulse of such short 
duration that the impulsed system does not 
respond appreciably before the impulse is 
completed. 

Assuming that a sharp impulse of area Ao 
is applied in series with the first tuned cir- 
cuit of the amplifier of Figure 1, the voltage 
E, applied to the grid of the first tube is (in 
operational form) 


ene 
LC p?+ Rp/L+1/LC 
The current applied to the second tuned 


circuit is, for a pentode amplifier, approx- 
imately 


(21) 


Ey 


IE, = gm, (22) 
and E, the output voltage, is 
p= &mA op 
* LCXp2+-Rp/L+1/LC) 
P+R/L (23) 
(p?+ Rp/L+1/LC) 


and similarly the output of Ep of the nth 
tuned circuit is x 


gm" —'Aop(p+2a)"—" 


En — 
LC" [(p+a)?+b?]" 


(24) 
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where a=R/2L and 
b=V(1/LC)—(R?/4L?) 


To find E, as a function of t, we substitute 
equation 24 in the Bromwich-Wagner com- 
plex integral, changing p to the complex 
parameter z, which gives 


rene AG 1 
j=" — 
En(!) LC” 2m s 
i 
e*(g+2a)" dz 
Br,(z+a+1b)"(z+a—ib)” 
The integrand in equation 25 has two poles 
of order 7, one at 2=—a-—ib and one at 
z=-—a-+ib. To determine the residue at 
z=—a+ib we expand (z+2a)""! and 
(z+a+ib)— in powers of (z+a—7b), multi- 
ply the resulting series term by term, and 
then multiply the expansion of e” in powers 
of (z+a—ib) by the result. Following this 
procedure we get 
(2+2a)"—? =(a+ib)"*—'*+ 
(n—1)(a+ib)*—*(z+a—ib)+ 
(n—1)(n—2)(a+ib)"—$ 
2! eS 


(zta—1b)?+..... (26) 


(2+a+1b)-" =(2ib)-"+ 
(—n)(21b)—"—"(z+a—1b)+ 
(—n)(—n—1)(2%b)—*—” 

2! ‘a 
(z+a—1b)?+..... (27) 


The product of equations 26 and 27 is 


(25) 


If a is small compared to 6 (that is, if Q is 
large) only the first term of equation 28 is 
significant, and equation 28 can be ex- 
pressed approximately as 


(2+-2a)"—(s+-a+ib)—" =1/2"ib (29) 
Then since 
of e(—a+ibyt pe —2+t)t 
Gli” Gide aF Gea 
te! —a+ibjt 
Metab? eae (30) 


the coefficient of (z+a—7b)~! in the product 
of equations 29 and 30 is, for ” stages 


fe — 1 —a+ib)t 


~ Pib(n—1)! We 


1 


and the coefficient of the corresponding term 
in the similar expansion about z= —a—ib is 


fi —'—4-Bt 


ON ee 32 
. 2"1b(n—1)! 132) 
The value of the integrand in equation 25 is 
2z7i times the sum of the residues C, and (2, 
and we have 

n—1l —atn—1 eet —tht 


Ao&m € 
LC"2"—d(n—1)! 2 


E,(t)= (33) 


The gain of the amplifier for a continuous 
signal at the resonant frequency is approx- 
imately 


Go=(1/R"XgmL/C)" WV L/C (34) 


so that (assuming b=1/ VLC) 


sin V1/LC tor 


Cuma are 
VEL ga rte (36) 
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J. C. G. Carter (Westinghouse Electric 
Corporation, Baltimore, Md.): In their 
paragraph entitled Discussion of Noise 
Meters the authors state that measurements 
made with conventional carrier receivers 
calibrated on actual signals are of little 
value. Actually some use can be and has 
been made of such readings as follows: 

1. For adjustment of an automatic 
simplex system, the control of the transfer 
unit in a transmitter-receiver can be set so 
that the line noise in the absence of a signal 
will just trigger it. The receiver can then be 


disconnected from the line and a signal ~ 


generator substituted. The generator can 
be tuned to the carrier frequency to be re- 
ceived, and its voltage adjusted until it 
too will just trigger the transfer unit. As 
the transfer unit operates on peak voltages, 
the peak value of the signal from the gen- 
erator is a measure of the peak value of the 
line noise. For operation of the equipment, 


_ the control of the transfer unit can then be 


set at a safe margin above this. The peak 
noise value thus deduced can be used as an 


‘indication of the peak line noise level to be 


expected at about that carrier frequency at 


other equipment is contemplated to operate 
at that point either as an addition or as a 
result of a rearrangement of equipment. 

2. To determine the suitability of the 
line for keyed carrier applications such as 
protective relaying or carrier on-off tele- 
metering which work on rectified radio fre- 
quency, a conventional receiver can be con- 
nected to the line, and the sensitivity ad- 
justed so that the line noise gives a con- 
venient diode reading. A signal generator 
can then be substituted as suggested above 
to give an equivalent signal. This will be a 
measure of the average line noise. Correc- 
tions will, of course, have to be made for the 
relative bandwidths of the measuring re- 
ceiver and the proposed operating receiver. 

3. To determine the masking effect of 
the noise for voice systems other than auto- 
matic simplex, a communication-type re- 
ceiver similar to the one contemplated for 
installation might be connected to the line 
at the same time as an applied modulated 
signal. This could be an actual signal from a 
distant station or more conveniently a local 
signal generator capable of being modulated 
by speech. The level of the speech modu- 
lated input signal could then be adjusted so 
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against the background of the noise. While 
it is difficult to substitute another masking 
signal for the noise and so determine the 
actual quasi-peak noise level, one could de- 
duce from the above test that a received 
signal would have to have a certain mini- 
mum level. 


R. C. Cheek and J. D. Moynihan: The 
authors appreciate the discussion offered by 
Mr. Carter, especially because it rounds out 
the paper by describing practica Imethods of 
taking noise voltages into account in the 
setting up of specific carrier channels. 
These methods are quite useful when the 
carrier receiving equipment used in making 
the tests is the same as that which will be 
used later in the actual operation of the 
channels. However, quantitative data taken 
in this manner with a variety of types of 
carrier receivers and line tuning and 
coupling arrangements cannot be correlated 
because of the large number of variables in- 
volved. It was for these reasons that the 
authors preferred to use standardized noise 
meters in making the studies described. 

It is hoped that the results of these 
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studies will stimulate others to make similar 
measurements so that the over-all fund of 
knowledge of carrier-frequency noise phe- 
nomena can be increased. The only possi- 
ble way to assure consistency of results 


among different investigators is for all to use 
standard procedures and equipment. 

The procedures described by Mr. Carter 
give results predicated upon the existence of 
a noise level no greater than that prevailing 


at the time such tests were made. Therefore, 
care should be taken to select for such meas- 
urements a time at which the noise level is 
known to be unusually high, for example 
during a thunderstorm. 


The Duty on Lightning Arresters for 
A-C Systems 


EDWARD BECK 


MEMBER AIEE 


HE duty of lightning arresters is to 

protect the electric equipment against 
damage and the service against outage 
from transient overvoltages. The duty 
on lightning arresters is the continuous 
normal system voltage to which they are 
subjected; the frequency with which 
they discharge; the character, that is, 
crest value and wave shape of the surge 
currents and the power follow current 
which they are called upon to handle. 

This paper concerns itself not with the 
protective characteristics of lightning 
arresters but with the duty on them and 
suggests tests which will demonstrate 
their ability to perform their operating 
duty cycle under conditions which are 
expected in service. The test procedures 
suggested pertain to valve-type lightning 
arresters. Significant duty cycle tests 
on expulsion-type lightning arresters are 
under study. A paper! by O. Ackermann 
discusses that subject. 


Normal System Voltage 


Lightning arresters are subjected to 60- 
cycle voltage continuously, for all prac- 
tical purposes. Unless discharged by a 
surge, they are expected to be insulators, 
or very high resistances, depending on 
their construction. Their insulating 
qualities are expected to remain as con- 
stant as those of other insulation in wet 
as well as dry weather and under reason- 
able degrees of contamination of the outer 


Paper 51-190, recommended by the AIEE Protec- 
tive Devices Committee and approved by the Tech- 
nical Program Committee for presentation at the 
AIEE Summer General Meeting, Toronto, Ont., 
Canada, June 25-29, 1951; Manuscript submitted 
January 31, 1951; made available for printing 
April 23, 1951. 


Epwarp Beck is with the Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 
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surfaces. However, there are unusual 
conditions of installation which may re- 
quire special consideration. Present 


standards cover this phase.? 


General Discussion of Lightning 
Arrester Discharge Currents 


The characteristics of lightning arrester 
discharge currents are not definite, fixed 
quantities, but have a statistical distri- 
bution. The selection of a current for 
laboratory or routine tests must bear 
this in mind. The conclusions reached 
in this paper are based on field research, 
theory, and experience. As in many 
matters involving probability, there may 
be differences of opinion regarding the 
conclusions, but it is believed that those 
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NUMBER OF DISCHARGES PER INDIVIDUAL 
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Figure 1. Distribution of discharges through 
individual lightning arresters4 


A. 34 single-phase lightning arrester years! 
B. 1,020 lightning arrester years? 
C. 73 lightning arrester years? 
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drawn in this paper are logical in the 
present state of knowledge. 

Estimates of lightning arrester dis- 
charge current magnitudes have been 
made on a theoretical basis* and data 
have been accumulated in the field by 
recording currents discharged through 
lightning arresters in actual service. It is 
of interest to note the rather good agree- 
ment between the conclusions of the 
early paper by A. M. Opsahl* and the 
field data. Considerable information has 
been accumulated on the expected fre- 
quency of discharge and on the crest 
magnitudes of lightning arrester dis- 
charge currents. A limited amount of 
data is available on wave shapes of the 
discharge currents. For descriptions of 
the recording devices used in the field 
researches the reader is referred to the 
list of references given at the end of this 


paper. 


Frequency of Lightning Arrester 
Discharge 


Data in statistical curve form from two 
sources are shown in Figures 1 and 2.4 
Additional data on distribution lightning 
atresters on distribution systems are 
published in references 6 and 7. The 
data in Figures 1 and 2, gathered prin- 
cipally on distribution and highly in- 
sulated unshielded medium voltage lines, 
are representative of the available in- 
formation. 

The majority of the records have been 
obtained by means of devices with a lower 
limit of recording ability of 50 or several 
hundred amperes. It has been found by 
the use of more sensitive instruments in 
limited number that under some condi- 
tions lightning arresters apparently dis- 
charge surges of quite low magnitude and 
short duration more frequently. Some 
records in addition to those published have 
given evidence of a large number of short 
duration discharges of less than 50- 
amperes crest in a particular station dur- 
ing certain periods. These, it was con- 
cluded, were not caused by lightning, but 
by surges produced by some system dis- 
turbances. These small discharges 
through lightning arresters are sometimes 
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PERCENTAGE HAVING NUMBER OF DISCHARGES IN 
A YEAR AT LEAST AS GREAT AS ABSCISSA 


NUMBER OF DISCHARGES PER ARRESTER PER YEAR 


accompanied by power follow current 
and sometimes not. It requires a surge of 
some minimum magnitude and duration 
timed in the proper relation to the phase of 
jthe system voltage to start power follow. 
The records of small magnitude were 
obtained on valve lightning arresters on a 
subtransmission system. On these the 
ratio of lightning arrester sparkover to 
system voltage is relatively low. On dis- 
tribution systems the ratio of lightning 
arrester sparkover to system voltage is 
relatively high in most cases, and it is 
believed that most distribution lightning 
arresters would not be discharged by such 
small surges, even if present. The low 
current, short discharges are not con- 
sidered significant as far as duty on 
lightning arresters or effect on apparatus 
is concerned. Hereafter they are neg- 
lected. 

It is concluded from the available data 
that in isokeraunic levels of 30 to 40, 
lightning arresters on rural distribution 
systems may be expected to discharge, on 
the average, about once per year. On 
urban distribution systems the expected 
frequency of operation is less because of 
the more effective shielding from build- 
ings. In stations connected to wood pole 
lines without shield wires, the number of 
discharges per lightning arrester pole is 
estimated at about 1.5 per year. The 
figure may be affected by the number of 
lines entering a station and the number of 
lightning arresters in the station.? Light- 
ning arresters in stations such as those 
mentioned discharge more frequently than 
lightning arresters on distribution sys- 
tems. This may be explained by the fact 
that, in general, there is a lower density of 
such stations per mile of line than distri- 
bution transformers with lightning arrest- 
ers. Distribution lightning arresters are 
lower in voltage ratings and sparkover 
than lightning arresters on subtransmis- 
sion systems, and might be expected to 
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discharge for a higher percentage of dis- 
turbances. Apparently this factor is not 
as weighty as the density of lightning 
arresters per mile of circuit. A similar 
situation was found in an investigation of 
discharges through expulsion lightning 


Figure 2. Average number 
of single-pole lightning ar- 
rester discharges per year® 


A. Lightning arresters in 
stations, 133.5 lightning 
arrester years 
B. Distribution lightning 
arresters, 160 lightning ar- 
rester years 


arresters of the transmission line type. 
Such lightning arresters at isolated loca- 
tions discharged about once per year, 
whereas lightning arresters of the same 
type distributed along thé lines at every 
second pole discharged on the average of 
0.35 times per year. 

In high-voltage stations connected to 


lines shielded adequately against direct 
strokes for at least a half to one mile out 
from the station, the frequency of opera- 
tion is less than in the more exposed sta- 
tions. This is indicated by field investi- 
gations®1! and by calculation.!* 


Crest Magnitudes of Lightning 
Arrester Discharge Currents 


There exists a large volume of data on 
the crest magnitudes of lightning arrester 
discharge currents, recorded principally 
by the surge crest ammeter.' Although 
this device has certain limitations, they 
are not serious. The lower limit of sensi- 
tivity is usually 50 or more amperes. In 
the case of several surges of the same 
polarity, the maximum is recorded. If 
several surges occur between inspections, 
they cannot be distinguished. However, 
the probabilities of this happening are not 
great. It is considered unlikely that this 
possibility has a significant effect on the 
data. 

Figure 3 shows the statistical distribu- 
tion of measurements of crest currents 
reported by a number of investigators. 
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KILOAMPERES 


Lightning arresters on 4,800 volt delta distribution system,?® 


500 records 


D-1.. Wilbur and McMorris. 

D-2. 

D-3. McCann and Beck. 

D-4. McCarthy, Stann, Edge and McKinley. 


G. Grunewald. 
L-1. Andrews and McCann. 


McEachron and McMorris, distribution lightning arresters,® 1,608 records 
Distribution lightning arresters,5 114 records 


Distribution lightning arresters,? 1,685 records 


Lightning arresters in Germany 
Expulsion lightning arresters on 33-kv wood pole lines,” 


73 records 


L-2. Collins. 
S-1. McCann and Beck. 
S-2. Gross and McMorris. 
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Lightning arresters on 24-ky wood pole lines.?8 


499 records 


Lightning arresters in stations,®> 266 records 
Lightning arresters in stations,? 459 records 
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not less than 50 to several hundred 
amperes. The surges of small magnitude 
mentioned under Frequency of Discharge 
are not included. Possibly differences in 
the limits of measurement affect the 
curves in some degree so that they may 
not all actually be on the same basis. It 
is believed that the probable effect of 
this on the over-all picture is small. 


In Figure 4 the data of Figure 3 are 
compiled. The curves of Figure 3 indi- 
cate that there may be a difference be- 
tween the data for distribution lightning 
arresters and those in stations. There- 
fore three curves are shown in Figure 4 as 
explained in its caption. The maximum 
current indicated in Figure 4 is 35,000 
amperes. Examination of the spark gap 
electrodes of lightning arresters that had 
been in service on rural distribution lines 
has given some evidence of occasional 
higher currents.'4!5 The dashed curves 
are the crest currents recorded in an 
investigation of direct strokes to masts 
and rods.® These have been plotted for 
comparison. Thecrest currents of strokes 
to lines are probably of the same magni- 
tudes as those to masts and rods of 
moderate heights. It thus appears that 
the currents discharged through lightning 
arresters are less than those in the stroke 
terminal. The ratio, roughly speaking, is 
about one to ten. 

To investigate the nature of the statis- 
tical distribution of the crest currents and 
to make some reasonable extrapolations 
to currents higher than any yet recorded, 
the data of Figure 4 are replotted to arith- 
metical probability coordinates in Figures 
5(A) and 5(B).8 These figures are 
discussed at greater length in the appendix. 
To be brief, the distribution of the loga- 
rithms of the current crests are straight 
lines, indicating that the logarithms havea 
normal, chance distribution. The diver- 
gence between the lines A’ and B’ for 
distribution lightning arresters and those 
in stations indicate a significant difference 
between the two sets of data. Extrapo- 
lation of A’, B’, and C’ indicates a 
small probability of discharge currents of 
65,000 amperes and higher. The break 
in the A’ line to A” suggests that the 
distribution of discharge currents higher 
than 20,000 amperes is different from that 
below this value, and that the probability 
of very high currents is less than one 
might expect. Unfortunately data at 
the high currents are scarce. For the 
present it must be admitted that we do 
not know the facts. If the data for 
direct strokes, all components, from 
Figure 13 of reference 16 are plotted in 
the same manner, they do not show this 
aberration. 
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Figure 4. Statistical distribution of discharge records compiled from data of Figure 3 


A. Currents in distribution lightning arresters, 3,907 records. 


Wilbur and McMorris, 


McEachron and McMorris, McCann and Beck, McCarthy et al 


B. Currents in lightning arresters in stations, 1,184 records. 


Collins, Gross and McCann, 


McCann and Beck 
C. Compilation of all records except Grunewald, 5,164 records 


S. Direct stroke records. 
S’. Direct stroke records,!® all components 


After considering the data and its pos- 
sible limitations at high currents, it seems 
reasonable to assume curve C’ of Figure 
5(B) to be representative of the distribu- 
tion of crest currents for both lightning 
atresters in stations and at distribution 
transformers, for purposes of estimating 
duty. It may be a little light on the 
distribution arresters and heavy on those 
in stations. Nevertheless, if it errs, it 
errs on the severe side for station arresters 
of which more is expected than of distri- 
bution or line types. Curve B’, applying 
more specifically to arresters in stations 
may be preferable for use in estimating the 
protective levels provided by arresters in 
stations without line or station shielding. 

The frequency with which lightning 
arresters on distribution systems and in 
stations connected to unshielded lines 
may be expected to discharge currents 
with crests at least as great as any prob- 
able magnitude is shown by the solid 
curves in Figure 6. They are derived 
from curve C’ of Figure 5(B) assuming 
average frequencies of discharge of 1/2, 1, 
and 1'/, times per year per lightning 
arrester. The station data alone are 
plotted dashed, for information. On the 
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Maximum component in strokes 


basis of one discharge per year, any 
lightning arrester may be expected to dis- 
charge currents at least as high as stated 
in the first column of Table I as often as 
stated in the second column. je 

The rare occurrence of very high dis- 
charge currents is apparent, and is corrob- 
orated by the fact that none has been 
recorded. It is the author’s opinion that 
the 65,000- and 100,000-ampere tests now 
in use as criteria of the ability of a light- 
ning arrester to stand up in service have 
not been well chosen although the magni- 
tudes may be impressive. At least, they 
do not seem significant for valve lightning 
arresters. A high surge current has merit 
for expulsion lightning arresters, because 
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Figure 5(A). Probable distribution of crest currents 


A. Arithmetic distribution of crest currents in distribution lightning 
arresters. Use ordinates on left 

B. Arithmetic distribution of crest currents in lightning arresters in 
stations. Use ordinates on left 

A’. Distribution of logarithms of crest currents in distribution lightning 
arresters. Use ordinates on right 

A”. Possible distribution of logarithms of crest currents above 20,000 

amperes in distribution lightning arresters. Use ordinates on right 

B’. Distribution of logarithms of crest currents in lightning arresters in 
stations. Use ordinates on right 

The dashed lines embracing A’ and B’ are the boundaries of their 

confidence envelopes for a probability of 0.95 
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Figure 5(B). Probable distribution of all crest currents. Includes both 
distribution and lightning arresters in stations, 5,164 records 


C. Arithmetic distribution of all currents. Use ordinates on left 

C’. Distribution of logarithms of all currents. Use ordinates on right. 

The dashed lines embracing C’ are the boundaries of the confidence 

envelope for a probability of 0.95. A’ and B’ correspond to A’ and 
B’ of Figure 5(A), for reference 


arresters in stations is indicated in Figure 
7, reproduced from reference 9. Similar 
indications have been obtained in another 
study" which has yielded a limited 


it subjects the arcing chambers of these 
lightning arresters to great mechanical 
forces as a result of the high and sudden 
gas pressures produced by high surge cur- 
rents. Experience indicates it to be a 
good criterion for expulsion lightning 
arresters. 

It has already been said that the data of 
Figure 6 are based on records obtained, 
for the most part, on highly insulated 
and unshielded lines of medium voltage. 
Although the volume of data on high- 
voltage lines, both unshielded and 
shielded, is not large enough to warrant 
conclusions based on records, it would 
seem that the curves of Figure 6 should 
be valid for unshielded high-voltage lines 
also, They may be pessimistic to some 
degree. On the other hand, high-voltage 
conductors are located farther above the 
ground and should be subjected to more 
disturbances of significant magnitude. 
Lightning arresters in stations that have 
adequate direct stroke shielding, con- 
nected to lines that are also well shielded 
for at least a half mile or a mile from the 
station, will experience high surge currents 
less frequently. The high currents re- 
sult from strokes to the circuits near the 
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arrester. In well shielded systems the 
probability of this is remote. It would 
result from a backflash from the shield 
wires to the system conductors or from a 
stroke that side flashes to the conductors 
despite the shielding. This is a possi- 
bility, but in well shielded systems it is a 
rare occurrence, as is evident from the 
excellent flashover records of well shielded 
lines. The probable distribution of dis- 
charge currents in high voltage, shielded 
stations is affected by numerous factors 
such as the arrangement and extent of the 
shielding and the ground resistances. 
Field measurements in significant number 
are lacking. It can be said with some 
confidence that in a well shielded high- 
voltage station, the lightning arrester 
discharge currents seldom will exceed 
5,000 amperes, except in the case of a 
side flash to a conductor which is un- 
likely. A theoretical study of the prob- 
able occurrence of certain lightning 
arrester discharge currents based on defi- 
nite assumptions will be found in refer- 
ence 12. 

The effect of line insulation and shield- 
ing on the frequency and the crests of 
discharge currents through lightning 
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amount of data on systems up to and 
including 230 kv. The data from this 
investigation, if plotted on Figure 6, 
would lie above the curve for 0.5 dis- 
charge per year. 

The available data on the crest magni- 
tudes of lightning arrester discharge cur- 
rents may besummarized as follows. The 
curves of Figure 6 give the probable 
expectancy of crest magnitudes for rural 
distribution systems and medium voltage, 
highly insulated systems in isokeraunic 
levels of 30 to 40 in altitudes below 5,000 
feet. The curves may be corrected in 
proportion for other isokeraunic levels, 
by increasing or decreasing the average 
number of discharges per lightning ar- 
rester per year. It is possible but not 
definitely proved generally, that at high 
altitudes the curves may have different 
shapes, having greater slope and ordi- 
nates even for a higher frequency of dis- 
charge.” It is believed that the curves 
are valid also for high-voltage unshielded 
systems. For high-voltage systems well 
shielded against direct strokes, it is prob- 
able that the frequency of discharge is 
less and that the discharge currents sel- 
dom exceed 5,000 amperes. The curves 
lie too low for urban distribution systems, 
on which both the frequency and magni- 
tude of the discharge currents are lower.® 
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Wave Fronts or Rates of Rise of 
Lightning Arrester Discharge 
Currents 


Wave fronts of currents discharged by 
lightning arresters in service have been 
measured by magnetic surge front re- 
corders.” A few have been obtained 
with cathode-ray oscillographs.2!  Con- 
clusions drawn from the available data 
are plotted in Figure 8. They are de- 
rived from the background data of 
Figure 9° and additional data accumu- 
lated later. Both figures indicate that the 
shortest fronts accompany low currents, 
such as curve // of Figure 9 for currents of 
less than 1,000-ampere crest, and the 
point on Figure 8 marked 28. This point 
signifies that out of 100 lightning arrest- 
ers, 28 might discharge per year, cur- 
rents whose crests are not more than 500 


1138 


100,000 


amperes with fronts of not more than 1 
microsecond. Because of the low crest 
currents these records are not of practical 
interest in a consideration of the effect on 
lightning arresters or apparatus protected 
by lightning arresters. The rapid rise of 
current in the case of a large number of the 
low crest magnitude discharges results 
from the abrupt change in the surge cir- 
cuit produced by the sudden sparking of 
the lightning arrester series gap.58?1 
The rate of rise of current in the system 
before lightning arrester sparkover can be 
considerably slower. It is thus not rea- 
sonable to lump all of the recorded wave 
fronts together in a statistical distribu- 
tion curve and to apply this wave front 
curve to crest currents of all magnitudes. 
Some discretion must be used in estimat- 
ing the probable wave fronts or rates of 
rise that are significant. Figure 8, com- 
piled by A. M. Opsahl, presents the avail- 
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Figure 6 (left). Probable frequency of occur : 
rence of lightning arrester discharge current 
crests 


Abscissae—amperes 
Ordinates—number of years in which a 
lightning arrester; or total number of lightning 
arresters of which, in a year, one will dis- 
charge a current at least as great as abscissa 
Solid lines—All data compiled from Figure 
5(B) curve C’ “ 
Dashed lines—lightning arresters in stations 
only, from Figure 5(A), curve B’ 
Numbers on curves—assumed total number of 
lightning arrester discharges per year per 
lightning arrester 
lsokeraunic level—30 
Elevation not more than 5,000 feet 


able data on a basis of probability as 
determined by the field test results. 
Excluding the short front, low current 
discharges, the shortest fronts appear to 
be 1!/, microseconds. The highest light- 
ning arrester current measured with this 
front is 7,900 amperes,’ indicating an 
average rate of rise of about 5,000 
amperes per microsecond, That is the 
highest rate of rise recorded so far, It is 
reported that rates of rise of 43,000 
amperes per microsecond have occurred 
in strokes. The most significant curve 
of the statistical distribution of wave 
fronts is curve C of Figure 9, for above 
5,000 amperes. From Figure 8 it appears 
that the probability of occurrence of 
5,000 amperes per microsecond is two out 
of 100 lightning arresters per year in 
isokeraunic levels of 30 to 40, on the kinds 
of systems studied; subtransmission on 
wood poles with no shielding. The re- 
cording equipment was placed in locations 
where past experience had indicated that 
lightning disturbances were likely to be 
more severe than elsewhere. With a 
probability of two discharges per 100 
lightning arresters per year on wood pole, 
unshielded lines the probability on 
shielded systems will be much less. 
Calculations of the probability of 5,000 
amperes per microsecond on high voltage, 
shielded systems! indicate that it may be 
from zero to five per 100 lightning arrest- 
ers per year, depending on the shielding, 
the ground resistance, the insulation 
levels of the lines, and the lightning 
arrester ratings. The probability of zero 
applies. to highly insulated (1,500 kv, 
11/.X40) shielded lines with tower foot- 
ing resistances of 10 to 20 ohms or less. 
The higher probabilities apply to lower 
insulated (500 kv, 1.540) shielded lines 
with tower footing resistances of 50 
ohms. It is apparent that tower footing 
resistance plays an important part in this 
matter, and that it should be low, at 
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DISCHARGES PER 3-POLE ARRESTER PER YEAR 


0 2 4 6 8 10 2 
CREST KILOAMPERES 
Figure 7 (above). Effect of shielding on 
number and crest magnitude of lightning 
arrester currents® 


Curves show number of discharges per three 

pole lightning arrester year with crest current 
at least as great as abscissa 

A. Wood pole lines without ground wires 

B. Wood pole lines with ground wires 

C. Steel tower lines without ground wires 

D. Steel tower lines with ground wires 


least for the first several towers out from 
the station, 

There are several considerations that 
make the rate of rise of arrester discharge 
current of interest, They involve the 
discharge characteristics of valve light- 
ning arresters and inductive drops in 
leads, The voltage across a valve ele- 
ment generally reaches its crest in a 
shorter time than the current, The 
actual voltage and its rate of rise for any 
practical discharge current can be deter- 
mined in the laboratory from cathode-ray 
oscillograms, With the relation between 
lightning arrester discharge current and 
voltage known from test, the rates of rise 
of the currents, if they are of appreciable 
crest magnitude, give an indication of the 
front of the surge voltage produced at 
the lightning arrester by — lightning. 
This may be important from the stand- 
point of the oscillations that may be set 
up at the terminals of protected appara- 
tus. Furthermore, the crest value of the 
voltage across the valve element is a 
function of the rate of rise rather than the 
crest of the discharge current.” It 
should be noted, however, that the crest 
of the lightning arrester discharge voltage 
for steep rates of rise of current has only a 
short duration, 

As far as it has been determined, the 
rate of rise of the discharge current does 


not affect the ability of valve lightning 


arresters to withstand severe discharges 


: 
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Figure 8, Probability of times to crest of lightning arrester discharge currents of various magni- 
tudes 


Times to Half Crest Value of 
Lightning Arrester Discharge 
Currents 


Two instruments have been used to 
record the general wave shape of lightning 
arrester discharge current; the fulchrono- 
graph,” later followed by the photo- 
recorder.” The limitations of the ful- 
chronograph are that the individual links 
are spaced about 40 microseconds apart, 
so that fast fronts are not readily re- 
corded, Also, the lower limit of sensi- 
tivity of the device is about 50 amperes, 
Its particular usefulness resides in its 
ability to record wave tails and multiple 
discharges of significant magnitude, 

The photo-recorder is a current record- 
ing device of greater current sensitivity, 
It can record currents from 0.2 ampere to 
very high magnitudes, It cannot, how- 
ever, distinguish very short time inter- 
vals, In this it is less sensitive than the 
fulchronograph, The usefulness of the 
photo-recorder is in its ability to record 
currents of long duration and low magni- 
tude, It does not lend itself readily to 
the recording of wave fronts or times to 
half crest value, 

Data from field records on the time 
from the beginning of discharge current 
to the point where the current has passed 
through its crest and decayed to half its 
crest value are given in Figure 10, On 
this figure is shown also the time to half 
value for currents in direct strokes, It 
appears that the median value for light- 
ning arresters in stations is about 26 
microseconds and that 80 per cent of the 
discharge currents had times to half 
value of not more than 40 microseconds, 
In the ease of the 88 records obtained on 
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distribution lightning arrester discharges, 
the times to half value were greater, the 
median value being about 40 microseconds 
and S80 per cent being not more than 75 
microseconds, The times to half value of 
currents in direct strokes are in general 
longer than of currents in lightning arrest- 
ers, although the curves for direct strokes 
and distribution lightning arresters are 
similar, There seems to be no conspicu- 
ous reason for the difference in times to 
half value between distribution and sta- 
tion lightning arresters shown in Figure 
10, unless it be the fact that almost all of 
the records on distribution lightning 
arresters were obtained on delta systems, 
whereas most of the records on lightning 
arresters in stations were obtained on 
systems where the neutrals of the source 
transformers were grounded solidly or 
through resistance, 


Total Durations of Lightning 
Arrester Discharge Currents 


The total duration of the discharge cur- 
rents as recorded by fulchronographs and 
photo-recorders are shown in Figure 11. 
In the case of the total durations re- 
corded by fulchronographs, the duration 
is that time to the point where the cur- 
rent decays to 50 amperes or less, since 
the fulchronograph does not record cur- 
rents lower than this, In the records eb- 
tained with the photo-recorder, it is the 
time to practically zero current. The 
photo-recorder data includes the power 
follow current, if present. Power follow 
current of valve arresters is not likely to 
appear on the fulchronograph, Qf in- 
terest in Figure Ll are the greater dura- 
tions recorded with the photo-recorder 
than with the fulchronograph, indicating 
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A. Direct strokes!® 

B. All lightning arrester records® 
Discharges with crests:— 

C. Above 5,000 amperes, 17 records 

D. Between 1,000 and 5,000 amperes, 29 
records 

O and 1,000 amperes, 25 
records 


E. Between 


that there are likely to be tails below 50 
amperes of some duration. The photo- 
recorder data were obtained on two sys- 
tems, both wood pole, unshielded; one 
with isolated neutral and the other 
grounded through resistance. Longer 
durations of lightning arrester discharge 
currents may be expected on such systems 
than on those effectively grounded.® 
The fulchronograph data were obtained 
on various systems, solidly grounded, iso- 
lated and resistance grounded. 

The curves for currents in lightning 
arresters and direct strokes are similar, 
except that there are more currents in 
strokes of durations of several tens of 
thousands of microseconds, than there are 
in lightning arresters. The longest dura- 
tions in lightning arresters were found on 
a distribution system of the Wisconsin 
Public Service Corporation, a delta sys- 
tem in a region of high soil resistivity. 
From the background data of the Wiscon- 
sin Public Service Corporation curve,?$ 
it appears that the maximum crest cur- 
rent recorded was 6,000 amperes, and 
that it was the discharges of relative low 
crest magnitude, 2,000 amperes or less 
that had the long durations. 

Considering the fulchronograph data, 
it appears that 50 per cent of the dis- 
charges through lightning arresters in sta- 
tions are above 50 amperes for not more 
than 80 microseconds, and about 5 per 
cent for more than 400 microseconds. 
In the case of distribution lightning ar- 
resters, excluding the Wisconsin data, 50 
per cent have durations above 50 am- 
peres for not more than 200 microseconds 
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Figure 9. 

A tribution of the duration of 

fronts of currents discharged 
by lightning arresters® 


Statistical §dis- 


PERCENTAGE HAVING TIME TO HALF VALUE 
AT LEAST AS GREAT AS GIVEN BY ABSCISSA 


10 12 
DURATION OF FRONT IN MICROSECONDS 


and 5 per cent may exceed 4,000 micro- 
seconds. The maximum durations re- 
corded with the fulchronograph in Wis- 
consin were no longer than recorded 
through distribution lightning arresters 
elsewhere, but 50 per cent of the Wiscon- 
sin records exceeded 4,000 microseconds 
and 5 per cent exceeded 7,000 microsec- 
onds. 


Coulombs Discharged by Lightning 
Arresters 


The coulombs discharged by lightning 
arresters in service can be determined by 
integration of the discharge current 
waves. In some cases they have been 
recorded by means of the magnetic inte- 
grator.” 

The available data indicate that the 
charge in most cases varied between a 
small fraction of a coulomb and about 
one coulomb. One record was obtained 
which indicated 3.7 coulombs in a light- 
ning arrester in a station on an isolated 
neutral system. It is, however, not cer- 
tain that this record was one discharge or 
consisted of more than one superimposed 
on the fulchronograph. On the Wiscon- 
sin distribution system eight records were 
obtained indicating charge greater than 1 
coulomb, three of which barely reached 
1.5 coulombs. Two of these last three 
were associated with crest currents of less 
than 1,500 amperes and the third with a 
crest current of slightly over 6,000 am- 
peres. In the Wisconsin investigation it 
was indicated that charges of more than 
one coulomb associated with crest cur- 
rents of less than about 2,000 amperes 
damaged the distribution valve type 
lightning arresters on which the measure- 
ments were carried out, whereas similar 
charges associated with crest currents of 
4,000 amperes or more did not,?3 suggest- 
ing that lightning arresters of this type 
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Figure 10. Times to, half 
crest value of all indi- 
vidual components as re- 
corded by fulchronograph® 


40 60 80 100 200 400 
TIME TO HALF VALUE IN MICROSECONDS 


A. Direct strokes!® 

B. Distribution lightning arresters, 83 records 

C. Lightning arresters in stations, all records, 
993 

D. Lightning arresters in stations. Records 

with crests above 1,000 amperes only, 83 


are more vulnerable to low currents of 
long duration than high currents of short ~ 
duration, with the same charge. This 
has been indicated by laboratory tests. 
On the other hand, it was later found that 
on the Wisconsin system crosses occurred 
between the ungrounded distribution sys- 
tem and a 69-kv circuit on the same poles. 
It was concluded that at least some of the 
lightning arrester damage was caused by 
this. Furthermore, it is possible that the 
coulombs registered may have been influ- 
enced by such crosses. The Wisconsin 
data therefore cannot be regarded as con- 
clusive, in respect to coulombs and dam- 
age to distribution lightning arresters. 
No records other than those obtained in 
Wisconsin were associated with damage 
to modern lightning arresters. 

The charges involved in direct strokes 
are considerably higher.‘* About 50 per 
cent of the strokes have at least 9 cou- 
lombs, and a total charge of more than 160 
coulombs has been reported. Except for 
discharges of few components and short 
duration, resulting in small amounts of 
charge, the great preponderance of the 
total charge occurs during the flow of the 
continuing stroke current of low magni- 
tude. The high current peak portion of 
a stroke current may be 100,000 amperes 
or more, but its duration is too short to 
involve more than a few coulombs.’® 
This fact may account to a large 
measure for the lower coulombs found 
in lightning arresters, since it is likely that 
the low current tails are drained away 
through paths other than a lightning ar- 
rester, or that the lightning arrester 
ceases to discharge before the surge on the 
system is exhausted.*4 
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|. As measured by fulchronograph, sensi- 
tivity 50 amperes: 
A. Direct strokes,1® 123 records 
B. Lightning arresters in stations. All 
records, 268 

C. Wisconsin Public Service Corporation, 
distribution lightning arresters, 56 records 
D. Other distribution records, 41 

E. All distribution records, 97 


Il. As measured with photo recorder, 
sensitivity O.2 ampere: 

F. Direct strokes, 30 records 

G. Lightning arresters in stations, 137 


records 


Multiple Discharges 


Multiple or repetitive discharges are 
those that have more than one impulse or 
well defined crest occurring in the same 
disturbance. The several crests are called 
components. Between these components 
the current may actually cease, or there 
may be a continuing current of low magni- 
tude. The available data on the statisti- 
cal distribution of the numbers of compo- 
nents in lightning arrester discharges are 
given in Figure 12. It is possible that 
some of the components considered to 
occur in the same discharge actually oc- 
curred in separate discharges. However, 
after considering the probability of this it 
is believed that the curves of Figure 12 
are reasonably representative. The data 
plotted in Figure 12 were obtained on 
lightning arresters in stations. The data 
secured on distribution lightning arresters 
are not included. Since it was not prac- 
tical to service the distribution lightning 
arrester installations as frequently as 
those in stations, the distribution records 
were not considered sufficiently signifi- 
cant touse. The installations in stations 
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Figure 11. Statistical distribution 

of the durations of all components 

of records of lightning arrester 
discharge currents® 
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were serviced on the average of once a 
week and usually after every storm. 

Comparison between the sets of data 
obtained with the fulchronograph and the 
photo-recorder show more components 
for the photo-recorder. This may indi- 
cate components of less than 50-amperes 
crest, not detected by the fulchrono- 
graph, or some of the apparent compo- 
nents may be the result of system disturb- 
ances such as those mentioned in the sec- 
tion under Frequency of Lightning Ar- 
rester Discharges. As far as duty on the 
lightning arresters is concerned, the ful- 
chronograph curve is considered the sig- 
nificant one. On this basis, about half 
the discharges may have more than one 
component and 5 per cent may have more 
than seven. 


General Comparison of the 
Characteristics of Currents in 
Strokes and in Lightning Arresters 


Crest magnitude. Considerably less in 
lightning arresters. In general terms, 
ratio is about one to ten. 


Duration of front. About the same in 
lightning arresters as in strokes. 


Rate of rise of current. Less in light- 
ning arresters. Ratio is about one to ten. 


Times to half crest value. Less in light- 
ning arresters in stations than in strokes. 
Roughly the same in distribution light- 
ning arresters as in strokes. 


Total duration. Fulchronograph rec- 
ords less in lightning arresters in stations 
than in strokes. Slightly less in distribu- 
tion lightning arrester than in strokes. 
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Coulombs. 


Number of significant components. 
in lightning arresters. 


Less in lightning arresters. 
Less 


Switching Surges 


When a line is switched, a transient 
voltage is likely to occur. These volt- 
ages may be from one to several times the 
normal line to neutral voltage of the sys- 
tem. Usually they are not high enough 
to discharge lightning arresters, or en- 
danger apparatus insulation. If they ex- 
ceed the voltage required to spark the 
lightning arrester gap, the lightning ar- 
rester must dissipate all or part of the en- 
ergy in the switching surge. This en- 
ergy, very generally speaking is 0.5CE? 
where E is the crest of the switching 
surge voltage. If a lightning arrester 
discharges on a switching surge, the dis- 
charge current is of low crest magnitude 
with a long tail. It may be said to be 
similar to a low, long duration, lightning 
discharge. 


Power Follow Current 


A distinction must be made between the 
duty imposed by power follow current on 
valve and expulsion lightning arresters. 
In the case of the valve lightning arrest- 
ers, the magnitude of the power follow 
current is independent of the short circuit 
capacity of practical systems. It is de- 
termined by the 60-cycle voltage across 
the lightning arrester terminals and on the 
relations of the instantaneous values of 
the surge and 60-cycle voltage across the 
lighting arrester during discharge. The 
latter factor will influence also the dura- 
tion of the power follow current. Usually 
the duration of power follow in a valve 
lightning arrester, if the 60-cycle voltage 
applied to it does not exceed the lightning 
arrester voltage rating, is less than a half 
cycle. It may vary between zero and al- 
most a half cycle depending on the already 
mentioned relation of surge and system 
voltage waves. Lightning arresters usu- 
ally do not have 60-cycle voltage equal to 
their rating impressed on them, except in 
laboratory tests or during abnormal sys- 
tem voltage conditions. Records ob- 
tained with the photo-recorder indicate 
that occasionally the power follow current 
may persist for more than a half cycle 
without damage to the lightning arrester. 
The background data obtained with the 
photo-recorder, used to derive the curves 
of Figure 11, show that only 25 per cent 
of the component discharges had power 
follow durations approaching a half cycle 
or more of 60-cycles; 75 per cent were 
less. On one system, with isolated neu- 
tral, three records indicated power follow 
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Figure 12. Statistical distribution of 
numbers of components in records of 
lightning arrester discharge currents* 


A. Measured with photo recorder, sen- 
sitivity 0.2 ampere, 31 records 
B. Measured with fulchronograph, sen- 
sitivity 50 amperes, 228 records 
C. Direct strokes'® 


current of three half cycles and six of two 
half cycles. On a similar system grounded 
through resistance and located in a dif- 
ferent part of the country, two records of 
amost three half cycles and two of two 
half cycles were obtained.© This may 
result from a long continuing discharge, or 
a multiple discharge, or restriking in the 
lightning arrester. Restriking in the 
lightning arrester may be caused by 60- 
cycle voltage across the lightning arrester 
in excess of its rating, not unlikely on iso- 
lated or resistance grounded systems. 


Generalized Wave Shape of 
Lightning Arrester Discharge 
Currents 


It is evident from the recorded data 
that the characteristics of the surge cur- 
rents discharged through lightning ar- 
resters in service vary widely. There is 
no fixed duty for these devices. Figure 13 
is an attempt to present a generalized 
wave shape with values that are thought 
to be significant. It is quite possible that 
when more data accumulate changes in 
the values may bein order. For the time 
being Figure 13 seems a representative 
aggregate of the expected discharges. 


AMPERES 
2 
uo 
Lal 


PERCENT OF RECORDS WITH NUMBER OF 
COMPONENTS EXCEEDING VALUE IN ABSCISSA 


quate without 60-cycle voltage. Becanse 
the operating characteristics of valve and 
expulsion lightning arresters differ, they 
should be ‘considered separately. The 
most significant tests are not the same for 
both. 

Since the nature of the surge current 
may be a factor in the valve lightning ar- 
rester’s ability to handle the power follow 
current, its operating cycle should be ini- 


ee eee 
20 


24 28 32 34 
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Basis for Testing Lightning Arresters 


A laboratory or routine test whose pur- 
pose is to verify the ability of a lightning 
arrester to withstand severe service 
should involve discharging the lightning 
arrester by a surge of some severity while 
the lightning arrester is connected to a 
source of 60-cycle voltage so that power 
follow current will flow. This is the so- 
called operating duty cycle test referred 
to in AIEE and NEMA standards for 
lightning arresters. Tests with surge 
current alone, with the lightning arrester 
not connected to a 60-cycle source, do not 
have sufficient significance. Tests made 
to verify the impulse protective charac- 
teristics of lightning arresters, that is, the 
voltages that appear across their tenmi- 
nals when discharged by surges, are ade- 


Figure 13. Generalized wave 
shape of 


lightning arrester 
discharge currents 


: x 


|. Crest currents from less than 100 amperes up 


Median Value 
1,500 a or more 
5,000 a 

10,000 a 
20,000 a 


Distribution Station 
and Station Only 
830 4 7104 
32% : 27% 
8 5 
25 1.15 
0.6 0.2 


F. Fronts, 1.5-25 microseconds (us). Durations of fronts increase with currents; 
maximum recorded rate of rise, about 5,000 amperes per us 
H. Times to half value from less than 10 to 75 us. Median value for arresters in 
stations, 26 ys; for distribution lightning arresters, 40 us 
T. Total significant durations 40-10,000 us. Median for lightning arresters in 
stations, 80 us; for distribution lightning arresters, 200 us 
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tiated by a surge that conforms to a rea- 
sonably severe service condition, and 
which can be reproduced readily with 
available surge testing equipment. The 
60-cycle voltage applied to its terminals 
should be equal to the lightning arrester 
voltage rating. The short circuit capac- 
ity of the 60-cycle source should be suf- 
ficient to maintain at least 90 per cent of 
the open circuit voltage during the flow of 
power follow current. This conforms 
with existing standards. In view of the 
severe duty imposed on valve lightning 
arresters by long surges, the discharge cur- 
rent used should have a long duration. 


The most substantial lightning arresters 
are those identified as station type light- 
ning arresters. The duty cycle tests on 
these should be more rigorous than on line 
or distribution types. AITEE and NEMA 
standards presently prescribe a duty cycle 
test for station lightning arresters of 30 
discharges with 60-cycle voltage con- 
nected, using a surge current of 10,000 
amperes crest and 10 by 20 microsecond 
wave shape. This test is not representa- 
tive of the conditions with which lightning 
arresters of this type may have to contend 
because the duration of the surge current 
is not long enough. The present test is 
no longer a criterion that distinguishes be- 
tween lightning arresters of the station 
and other types, nor is it indicative of 
what modern station type lightning ar- 
resters will do. The standards also re- 
quire a surge discharge of 100,000 am- 
peres crest of 5 by 10 wave shape with no 
60-cycle voltage connected. This is im- 
pressive but not as significant as a lower 
current of relatively long duration with 
60-cycle voltage. Itis suggested that this 
requirement for valve lightning arresters 
be discarded. 

This paper proposes that a different dis- 
charge current be used for the purpose of 
verifying the ability of station type light- 
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ning arresters to stand up under the de- 
mands of service, and to classify the 
several types of lightning arresters more 
accurately than is now the case, so that 
purchasers may have a clear picture of 
what they are specifying. 

Consideration must be given to labora- 
tory facilities and problems. It is sug- 
gested that the crest magnitude of 10,000 
amperes be retained, but that the shape 
of the discharge current be changed to a 
wave which reaches crest in a time be- 
tween 5 and 15 microseconds and decays 
to half crest value in 45-60 microseconds. 
The time to half value corresponds to the 
median found for distribution lightning 
arresters, which is about 50 per cent 
greater than that for lightning arresters in 
stations. 


In power follow testing the total dura- 
tion of the wave through the lightning ar- 
rester will be determined both by the 
surge circuit constants and by the 60-cycle 
power source in parallel with the lightning 
arrester. An energized transformer 
shunting the arrester is a circuit with in- 
ductance and resistance and will dis- 
charge some of the long tail of a surge. 
In defining the total duration of the surge 
discharge through the lightning arrester 
this must be taken into account. There- 
fore it is recommended that the source of 
power follow be a two winding trans- 
former. The technique of determining 
the total duration is to connect the sec- 
ondary of the transformer to the test spec- 
imen’s terminals, to disconnect the pri- 
mary from the source of power, to short 
circuit the primary to simulate a source of 
low impedance, and then to discharge the 
surge generator into this circuit. The 
duration of the discharge through the 
lightning arrester can be measured with a 
cathode-ray oscillograph either by record- 
ing current or voltage. It is recom- 
mended that measured in this manner, the 
total duration of the surge current actu- 
ally discharged through the lightning ar- 
rester be not less than 600 microseconds. 
Testing with such surges has indicated 
that with the transformer disconnected 
from the lightning arrester, the total dura- 
tion of the discharge is well over 2,000 
microseconds. 


During the actual duty cycle test, the 
short circuit is removed from the trans- 
former primary and it is connected to a 
60-cycle source. The present standards 
specify 30 operations. From Figure 6 
this number may appear excessive. 
However, probabilities are involved to a 
high degree, multiple discharges and 
switching surges occur, and modern ar- 
resters are quite able to handle the situa- 
tion. Therefore it is recommended that 


the 30 operations be retained. It is rec- 
ommended that the firing angle be be- 
tween 15 and 0 degrees of the crest of the 
60-cycle wave of the same polarity as the 
surge. 

The proposal made has the benefit of 
considerable experience.!° The discharge 
current described above has been used for 
15 years in making routine quality con- 
trol duty cycle tests on valve elements of 
Autovalve station type lightning arrest- 
ers. : 

The field experience with lightning 
arresters built with such surge tested 
valve elements has been excellent. It is 
of interest that on earlier constructions of 
these station lightning arresters, not 
tested in the manner described but able 
easily to meet the requirement of the 
100,000 ampere 5 by 10 wave, sufficient 
cases of damage occurred to cause some 
concern, Field research then indicated 
the importance of long tailed surges of 
lower magnitude and led to the adoption 
of a rigorous routine duty cycle testing 
procedure. 

To summarize the proposed test crite- 
rion for station type lightning arresters, it 
is suggested that it be a duty cycle test, 
with the test specimen connected to a 
source of 60-cycle voltage equivalent to 
its rating. The number of operations 
suggested is 30, with the firing angle 15-0 
degrees ahead of the crest of the 60-cycle 
voltage of the same polarity as the surge. 
The proposed discharge current is one 
with a crest of 10,000 amperes, a front of 
5-15 microseconds, a time to half value of 
45-60 microseconds, and a total duration 
determined as discussed earlier of not 
less than 600 microseconds. 

The test is suggested as a design verifi- 
cation test. It is not recommended that 
test specimens subjected to it be put in 
service, because of the severity of the test. 
The life of a lightning arrester subjected to 
such duty cycles will not be unlimited. 

For line and distribution lightning ar- 
resters it is suggested that a similar, modi- 
fied, surge be adopted. It might be a 
lower current, a shorter time to half value 
and duration, or fewer discharges. Al- 
though the field data indicate that the 
probability of severe duty may be greater 
in the case of distribution lightning ar- 
resters, it is not practical to expect dis- 
tribution or line lightning arresters to 
withstand tests as severe as those which 
station lightning arresters will handle. 
The station lightning arresters are ex- 
pected to be the most durable and most 
effective arresters that can be made eco- 
nomically. The others are smaller and 
less expensive. 

The foregoing tests are not intended to 
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check the protective characteristics of 
valve lightning arresters. For this pur- 
pose it is believed that the 10 by 20 micro- 
second waves now prescribed in standards 
are adequate. 

In the case of expulsion lightning ar- 
resters, the power follow current is of ma- 
jor importance. It is influenced by nu- 
merous factors such as the short circuit 
capacity and recovery voltage of the sys- 
tem, the location of the lightning arrester, 
its characteristics, the power factor of the 
follow current circuit including the light- 
ning arrester, and the electrical angle of 
the 60-cycle voltage at which it is fired. 
These conditions vary in service. The 
subject is discussed in reference 1. The 
present paper does not attempt to make 
any recommendations except that the 
duty cycle tests for expulsion lightning 
arresters be different from those for valve 
lightning arresters. 


Appendix |. The Probability 
Curves, Figures 5(A) and 5(B) 


The method of plotting the curves of 
Figures 5(A) and 5(B) with their confidence 
envelopes, the meaning of the confidence 
envelopes and the conclusions that can be 
drawn from such curves are discussed in 
references 17 and 18. Normal chance dis- 
tribution is indicated if the data fall on a 
straight line when plotted on probability 
graph paper. The distributions of the 
amperes of crest current, curves A, B,and C 
of Figures 4 and 5(A) and 5(B) are not 
straight lines. However, the distributions 
of the logarithms of the currents, A’, B’, 
and C’ are straight lines and therefore indi- 
cate a normal distribution. In Figure 5(A), 
the high currents appear to deviate from the 
line A’. 

The confidence envelopes for a proba- 
bility level of 0.95, shown by the dashed 
lines above and below the curves of the 
logarithms, are derived from the data! and, 
as the term indicates, denote the degree of 
confidence with which the data may be re- 
garded. They signify that in 100 investiga- 
tions of the kind made, the data from at 
least 95 would fall within the confidence 
zone, or that for one additional set of data, 
the chances would be 19 to 1 that it would 
fall within the zone. 

The confidence envelopes for A’ and B’ 
do not overlap at currents higher than about 
100 amperes. Therefore it may be assumed 
that there is a significant difference between 
these two sets of data. A’, B’, and C’ being 
straight lines, extrapolation to higher cur- 
rents than any recorded by extending the 
lines appears justified. However, a ques- 
tion is posed by the observation that the 
highest points of A’ lie outside of its con- 
fidence zone. It appears that the loga- 
rithms for currents higher than 20,000 
amperes may have a different distribution, 
lying on another straight line A”, and that 
their probability of occurrence may be less 
than one would expect from the considerable 
volume of data at lower currents. There is, 
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on the other hand, the possibility that the 
high currents recorded reached the limit of 
sensitivity of the recording devices, and that 
the actual currents may have been higher 
than indicated. This would tend to put the 
measurements into the confidence envelope. 

All of the data are gathered together into 
one curve, C’, in Figure 5(B). The same 
tendency is discernible at the high currents, 
although now the points lie within the con- 
fidence zone for C’. Apparently, in the 
region above 20,000 amperes some specula- 
tion will be involved until there is available a 
larger volume of data at those currents. 
However, some conjectures seem warranted. 
After considering Figures 5(A) and 5(B), 
the possibility of a lower probability of cur- 
rents above 20,000 amperes than indicated 
by A’ or C’, and the limitations of our pres- 
ent knowledge, it is concluded that C’ is 
reasonably representative of the distribution 
of the lightning arrester discharge current 
crests for all lightning arresters. Curve C’ 
passes through the logarithm 5, correspond- 
ing to 100,000 amperes, at the probability of 
about 0.007. This is seven in 100,000 or 
one in 14,300 discharges. Since the con- 
fidence envelope boundaries pass through 
the probabilities of 0.012 and 0.005 at this 
same logarithm, the probability might be, 
in 95 cases out of 100, 12 or five in 100,000. 
Considering the trend indicated by the line 
A” of Figure 5(A), even the probability of 
five discharges of 100,000 amperes or more 
in 100,000 may be too high. Nevertheless, 
it is probably safer to err on the high than 
on the low side,.consequently C’ is assumed 
to be the distribution. 
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Discussion 


W. A. Sumner (Westinghouse Electric Cor- 
poration, Sharon, Pa.): We are glad to note 
that Mr. Beck recognizes the merit of the 
high surge current test for expulsion light- 
ning arresters and finds that it is a good 
criterion for this type of lightning arrester. 
From a close field follow of expulsion light- 
ning arresters mounted in distribution trans- 
formers, representing some 2,500,000 light- 
ning arrester years and representing a 
nation-wide distribution, much of which ex- 
perience was associated with rural lines 
having severe lightning exposure, we agree, 
in general, with the trend as shown for the 
“Probable Frequency of Occurrence for 
Lightning Arrester Discharge Current 
Crests,” as set forth in Figure 6. However, 
our data would indicate that the frequency 
of occurrence of the heavier currents in the 
range of 65,000 to 100,000 amperes might be 
appreciably greater than shown in the curve. 
It is true that one stroke per year at 65,000 
amperes for each 4,000 lightning arresters, 
or 0.025 per cent per lightning arrester year, 
is a relatively small figure. However, when 
one considers the volume with which these 
expulsion lightning arresters are manu- 
factured for distribution transformer appli- 
cation, it is realized that a high state of per- 
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fection is required. We, therefore, con- 
sider it essential to maintain at least the 
present 65,000 surge ampere requirements 
for these distribution-type expulsion light- 
ning arresters. 


O. Ackermann (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): Only a 
rather short section of Mr. Beck’s paper is 
allotted to power follow, mainly because 
valve-type lightning arresters limit this cur- 
rent to a very small amount compared to 
their surge discharge capacity. That the 
matter is quite different with expulsion-type 
lightning arresters is indicated but briefly by 
the author. The subject is, however, all im- 
portant as far as the service life of expulsion 
lightning arresters is concerned; therefore I 
wish to enlarge on this point at least in a 
discussion to the paper on lightning arrester 
duty. 

Expulsion lightning arresters do not limit 
power follow current nearly as much as the 
valve type; in fact, many of them limit it 
hardly at all. The latter in particular must 
therefore be designed to handle full system 
fault current for about one cycle at a time. 
For a 1,000-ampere rms fault, the flow of 
charge per cycle amounts to 15 coulombs. 
If one compares this with the figures re- 
ported to be critical to valve-type lightning 
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arresters in Mr. Beck’s paper, one comes to 
realize that expulsion lightning arresters, 
built to handle power flow are not sensitive 
to surge discharges. On the other hand, 
current flow in the expulsion type is ac- 
companied by the consumption of gas pro- 
ducing material. Therefore, the weight of 
the question of service duty is shifted from 
the characteristics of lightning surges to the 
frequency and character of power follow 
operations. 

Regarding lightning arresters for dis- 
tribution service, the sparkover of expul- 
sion and of valve types is nearly enough 
the same to warrant the conclusion that ex- 
pulsion lightning arresters operate as fre- 
quently as valve arresters which, according 
to Mr. Beck is, on the average, about once 
per year. Another source of information, re- 
porting expulsion lightning arrester opera- 
tions only, is the lightning investigation 
paper by McCarthy and others.! Based on 
experience covering 4,054 expulsion lightning 
arrester years, that paper states that, on the 
average, an expulsion lightning arrester 
carries power follow 0.65 times a year, and 
that this power follow is restricted to one — 
half cycle or less in all but 1 per cent of the 
cases..\ It is gratifying to note that the re- 
sults of these two separate investigations are, 
as I am to show, surprisingly much alike. 

It is well known that expulsion lightning 
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arresters discharge surge currents without 
power follow if the surge occurs at times of 
low instantaneous power voltage. With 
many types of expulsion lightning arresters 
this region roughly covers the time within 30 
electrical degrees of voltage zero, which is 
one-third of the total voltage cycle. As 
random surge discharges are distributed uni- 
formly over the range of the voltage cycle, 
and as most of them last only a short part of 
such a cycle, one must conclude that only 
about two-thirds of them cause power fol- 
low. Hence, the 0.65 figure for yearly 
power follow operations per lightning 
arrester indicates that the total surge dis- 
charges per unit are about one per year; 
this checks Mr. Beck’s estimate. 

The American standards consider an 
expulsion lightning arrester to give satisfac- 
tory service if it is in acceptable operating 
condition after five test operations of the 
most severe kind. This most severe test 
condition is approached only if the lightning 
arrester discharge starts at an early moment 
in the voltage cycle. For any other moment, 
the follow current is lower in amplitude and 
shorter in duration. Therefore, lightning 
arrester life in terms of power follow opera- 
tions is considerably longer with random 
firing than with firing timed for maximum 
severity discharge, even if the lightning 
arrester is installed at a location of maxi- 
mum permissible fault current. If one 
appraises this effect by the factor of 2.5, the 
multiplication of all factors involved indi- 
cates that an expulsion arrester, installed 
at the most critical location permitted by its 
rating, has an average life of 19 years (1/0.65 
X 5 X 2.5). Now, remembering that ex- 
pulsion lighting arrester life increases about 
as the ratio of the maximum current rating 
to the available fault current, it is evident 
that, on the average, an expulsion lightning 
arrester has a service life well over 20 years 
just like any other piece of properly designed 
and applied distribution equipment. 

It would, of course, be assuring if this 
contention could be proved by some sort of 
life test. I feel that this can be done and, 
therefore, I wish to conclude this discussion 
by calling attention to what I consider a 
significant life test for high current rating 
expulsion lightning arresters, applying to 
ratings of 6,000 amperes or more. It is test- 
ing at 90 per cent of rated lightning arrester 
voltage, and advancing the moment of firing 
by 80 electrical degrees for successive dis- 
charges. Tests of this nature are reported 
and discussed in the paper on the spiral 
groove lightning arrester? which also is being 
presented in this session. 


REFERENCES 
1. See reference 5 of the paper. 


2, Sprrat Arc CHOKES PowEeR FLOW IN NEw 
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H. A. Cornelius (Public Service Company of 
Northern Illinois, Chicago, Ill.): The 
author is congratulated for presenting a 
clear, comprehensive paper which discusses 
several topics of value to the industry. 

The use of probability theory in regard to 
lightning arrester discharge currents, as has 
been done in this paper, should be quite 
helpful in providing forecasting data for 
users of lightning arresters. 

The mention of 5,000-ampere discharge 
currents and rates of rise, the frequency 
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with which they may be expected on 
shielded and unshielded lines, is of con- 
siderable interest. Figure 5(B) curve C, for 
example, shows the distribution of crest 
currents in valve-type lightning arresters in 
stations and at distribution transformers. 
This figure shows that 90 per cent of the 
surge currents discharged through lightning 
arresters are 5,000 amperes or less. Another 
measure of this 5,000-ampere co-ordination 
criterion is its frequency of occurrence. This 
is given in the paper as once in 13 years. 

The analysis regarding the probabilities 
of having a rate of rise of 5,000 amperes 
occur is of considerable interest. However, 
the probabilities of having from 0 to 5 such 
rates of rise on shielded lines and 2 such 
rates of rise on unshielded lines per 100 
lightning arresters per year, do not appear 
to be consistent. Perhaps more discussion 
of this point would clarify it. 

Having a current discharge through a 
lightning arrester in a station of 65,000 am- 
peres once in 4,000 years has been calcu- 
lated and is shown in Figure 6 of the paper, 
An analysis of the field data made for 
another purpose corroborates this. That is, 
the records over many years show that only 
0.5 of 1 per cent of the currents discharged 
are 30,000 amperes or more. On this basis, 
the use of duty cycle tests on valve-type 
lightning arresters of 65,000 or 100,000 am- 
peres is much higher than necessary. 

The statement is made that “both Figures 
8 and 9 indicate that the shortest fronts ac- 
company low currents.”” This is apparently 
based on 25 records shown in curve E of 
Figure 9 and on the 28 points with less than 
2-microsecond fronts and magnitudes below 
2,000 amperes. This does not appear to be 
sufficient data to use for such a conclusion. 

The crest value of the voltage across a 
valve element is a function of the rate of rise 
of current rather than of the current crest 
value. Because of this characteristic be- 
havior, what is the magnitude of the dis- 
charge voltage across a 37-kv station-type 
lightning arrester, for example, when it is 
subjected to a 5,000-ampere per micro- 
second, 5,000-ampere crest current, com- 
pared to what it would be on the standard 
5,000-ampere, 10-microsecond  front-test 
wave? 

The proposed current, wave shape, and 
duration duty cycle test is a 10,000-ampere 
wave which reaches its crest in 5 to 15 micro- 
seconds and decays to half tail value in 45 to 
60 microseconds, which is applied for 600 
microseconds, with a 60-cycle power follow 
source connected to the lightning arrester. 
It is suggested that a 5-microsecond front, a 
45-microsecond half tail and a duration of 
600 micros¢conds would be more satisfac- 
tory to use from a users point of view. 

Another related problem, which is not 
discussed, is the need for a low current, long 
duration test for valve-type lightning arres- 
ters. The author’s comments on the use of a 
300-ampere crest with a 4- or 5-micro- 
second front and half tail value at 1,000 
microseconds would be appreciated. 


J. W. Kalb (Ohio Brass Company, Barber- 
ton, Ohio): Mr. Beck’s proposal should go 
far toward better defining lightning arrester 
performance with respect to actual service 
conditions. The field data cited and statis- 
tical analysis thereof offer convincing evi- 
dence for the generalized wave shape pro- 
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posed in Figure 13 of the paper. It is in the 
application of this test wave that some ques- 
tion may arise. 

The proposed timing of this impulse with 
respect to the 60-cycle voltage does not differ 
essentially from the present standard duty 
cycle test, that is, with the impulse and 60- 
cycle voltage of the same polarity. This 
may have been chosen originally because it 
was thought to be the most severe condi- 
tion, but it is known now that this is not 
necessarily true.4 Furthermore, natural 
lightning is apt to strike at any point on 
either polarity of 60-cycle voltage. Would it 
not be more representative to space the 
timing angle of each successive operation 
some value such as 15 degrees. 

As in the existing standard duty cycle 
test, Mr. Beck is concerned with the ability 
of the valve element to withstand service 
conditions. The requirement of a high 
fault current 60-cycle supply circuit im- 
poses the most severe duty on the valve 
element, but not necessarily the gap ele- 
ment. In such a circuit the follow current 
flow is limited almost entirely by the light- 
ning arrester valve resistor, and the circuit 
recovery voltage appearing across the gap 
element at follow current zero is very low. 
In a lower fault current circuit the higher 
circuit reactance causes a greater disparity 
in time between follow current zero and 60- 
cycle voltage zero. The circuit recovery 
voltage, though still very low, is larger than 
in the high current test circuit. The multiple 
gaps’ ability to withstand these very small 
recovery voltages determines the lightning 
arrester’s ability to interrupt 60-cycle follow 
current, 

A considerable proportion of lightning 
arrester failures in stations have been as- 
scribed to excessive system voltage. This 
implies gap failure, admittedly under con- 
ditions of abnormally high follow current 
through the valve resistor element. Since 
severe system voltage conditions as well as 
abnormal lightning conditions impose severe 
duty upon the lightning arrester, should we 
not consider a test which explores lightning 
arrester performance under more severe re- 
covery voltage conditions. Such a test 
could be an additional combined impulse and 
power voltage test using not a high fault 
current circuit, but one whose short circuit 
impedance was at least 3 ohms per kilovolt 
of arrester rating, predominantly reactive. 
Crest magnitude of the impulse current 
would be unimportant, but total duration 
should be in the order of 100 microseconds to 
start follow current easily. Polarity would 
be chosen as that at which follow current 
could be started at the earliest point on the 
voltage wave, or if preferred the timing 
could be spaced 15 degrees between opera- 
tions as suggested above, 

Mr. Beck has suggested an apparently 
logical change in the impulse wave shape 
used on the standard lightning arrester duty 
cycle test. The long tail portion is moderate 
enough to represent possible severe operat- 
ing conditions even though a transformer 
winding will by-pass considerable long 
duration current from the lightning arrester. 
The preceding comments are merely for 
consideration in further increasing the use- 
fulness of the duty cycle test. 


REFERENCE 
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tems, Bror Svensson. Report 337, International 
Conference on Large High-Voltage Electric Sys- 
tems (Paris, France), 1946. 


Arthur R. Koerber (General Electric Com- 
pany, Pittsfield, Mass.): Mr. Beck has care- 
fully reviewed field data from many inde- 
pendent sources and has suggested a com- 
posite impulse test wave shape to be used in 
combination with power. A test, similar to 
this, that combines a long-duration impulse 
wave such as encountered in service with a 
duty cycle test would be highly desirable. 

Any test to be used as a basis for standard- 
ization should be easily duplicated in dif- 
ferent laboratories and should not require 
complex specifications to insure identical 
test conditions. 

Mr. Beck specifies that the duration of the 
impulse discharge be determined with the 
primary of the power transformer short 
circuited to simulate a source of low im- 
pedance. In making the actual test, how- 
ever, the reactance of the power source is, of 
course, inserted in the circuit. This addi- 
tional reactance increases the duration of the 
impulse discharge. Since the reactance of 
the power source will not be the same for 
different laboratories, the duration of the 
impulse used in the actual test will vary from 
laboratory to laboratory, making the sever- 
ity of the test nonuniform. 

The principal difference between the pro- 
posed test and the present standard duty 
cycle test is the long-duration tail of the im- 
pulse wave. The amplitude of the tail of 
the impulse current wave should be more 
exactly defined than to simply state that 
the total duration of the surge current 
actually discharged through the lightning 
arrester be not less than 600 microseconds 
with the primary of the test transformer 
short circuited. 

Past attempts to combine long-duration 
impulse and power have led to considerable 
difficulty due to the interaction between the 
impulse and power circuits. Svennson re- 
ported in 1946 that this interaction directly 
affects the severity of the duty on the arres- 
ter.1 Our tests have confirmed his results. 
Furthermore, this interaction is dependent 
upon the test circuit constants which can be 
varied without departing from Mr. Beck’s 
specifications. 

Although Mr. Beck may have used this 
test for some time, it would appear that more 
study is necessary to arrive at a set of speci- 
fications which will insure that different 
laboratories, using impulse generators and 
power circuits with different constants, can 
obtain equivalent results. 

To demonstrate the adequacy of lightning 
arresters to handle long-duracion discharges, 
we have proposed,” in addition to the present 
standard test, a long-duration surge-with- 
stand test for station-type lightning arrest- 
ers. This test consists of 20 successive 
applications of a surge having an essentially 
constant magnitude of 150 amperes (less 
than 10 per cent decrement), to be main- 
tained for at least 2,000 microseconds. This 
test wave is believed to be a fair representa- 
tion of the long-time low-current discharge 
resulting from lightning or switching surges. 
The present standard discharge current 
withstand test together with the proposed 
long-duration test should demonstrate the 
adequacy of the discharge capacity of the 
lightning arrester at both extremes expected 
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in the field, the high-current short-duration 
component and the low-current long-dura- 
tion discharge. 

If specifications can be drawn up for the 
combined long-duration power test which 
will permit all laboratories to obtain uniform 
results without these specifications becoming 
overly complex, then such a combined test 
should be reconsidered by the industry. 


REFERENCE 
1. See reference 1 of preceding discussion. 


2. Lone DuRATION SURGE TESTING OF LIGHTNING 
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Schwartz. AJEE Transactions, volume 70,1951, 
pages 1487-92. 


R. H. Mertz (The Detroit Edison Company, 
Detroit, Mich.): My discussion resolves it- 
self in the form of a question which the 
operator is confronted with after the light- 
ning arresters have seen some service. 

Let us assume that the lightning arresters 
have been built to meet the conditions sug- 
gested by Mr. Beck. They have had, let us 
say, ten years of service, they are then re- 
moved for some reason such as a rebuilding 
operation. What tests are necessary to de- 
termine if they are satisfactory for reuse? 

For present types of 6-kv distribution 
lightning arresters that have been removed 
from service, we are thinking in terms of an 
impulse of around 100 ky, 2,000 amperes and 
a power follow current of 400 amperes. No 
wave-shape control. Is this sufficient cur- 
rent to determine if the lightning arrester is 
satisfactory for reuse? 


H. L. Rorden (Bonneville Power Adminis- 
tration, Portland, Oreg.): In recent trends 
for reduction of insulation levels for the 
transmission of power at high voltages, 
lightning arresters have been recognized as 
the protective device upon which the insula- 
tion levels are based. Major economies can 
be achieved by establishing as close a margin 
as is feasible between basic insulation levels 
and the levels to which lightning surges may 
be limited by protective devices. This be- 
comes of increasing importance with the 
higher voltages. 

If lightning arresters are to become a major 
part of our scheme of protection, the system 
designer must know the limitations as well 
as the protective characteristics of lightning 
arresters that are to be used on his system. 
Mr. Beck’s paper contains a vast amount of 
information useful to the system designer 
which has not been previously available to 
the industry, and which can only come from 
one who has devoted a major effort to 
understanding the performance characteris- 
tics of lightning arresters. We are particu- 
larly impressed with his suggestions and 
recommendations for duty cycle tests and 
his discussion of power-follow currents. 
Data of this nature are necessary in the 
application of lightning arresters if the sys- 
tem designer is to provide adequate protec- 
tion without excessive and too conservative 
margins, which in turn dictate high and ex- 
pensive insulation levels. 

We believe that Mr. Beck’s suggestions, 
particularly those recommending a long- 
wave duty-cycle test and elimination of the 
high-current short-time tests, should be con- 
sidered for inclusion in national standards. 
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The power-follow current that a lishigite 
arrester can be expected to withstand has 
always been an interesting question. Mr. 
Beck has included data that should be help- 
ful in determining the degree of risk that a 
user may anticipate for dynamic over- 
voltages. 

It has been the experience of the Bonne- 
ville Power Administration that lightning 
arrester failures rarely occur from lightning, 
and that the greatest hazard is the dynamic 
transients that exceed the lightning arrester 
rating. We find that lightning arresters are 
most susceptible to failure from (1) dy- 
namic overvoltages of short duration but of 
high enough magnitude to flashover the 
lightning arrester series gaps, or (2) dy- 
namic overvoltages of relatively long dura- 
tion which do not flash over the series gaps 
but result in excessive heating of the light- 
ning arrester blocks. Voltages in the first 
category may occur from unusual switching 
surges or from faults on delta-connected 
systems. Voltages of the latter type may 
occur from overspeed accompanying load 
rejection. 

Good economy dictates that some degree 
of risk must be assumed in balancing cost 
versus the degree of protection. We would 
appreciate Mr. Beck’s comments relative to 
these hazards and the probability of light- 
ning arrester failure from them. 


E. Beck: The discussions by Sumner and 
Ackermann are useful contributions to the 
information needed to develop satisfactory 
tests for expulsion-type distribution light- 
ning arresters. We have no comments to 
make except to suggest that more detailed 
discussion of a proposal for practical test 
criteria for these lightning arresters would be 
of value to the standardizing committees. 
The discussion by Cornelius raises several 
questions. One pertains to the probabilities 
of rates of rise of lightning arrester dis- 
charge current of 5,000 amperes or more per 
microsecond on unshielded and _ shielded 
systems. It is well that this question is 
raised because the wording of the paper is 
not exactly clear on this point. The paper 
states that on shielded lines the probabilities 
of such steep currents are less than on un- 
shielded systems. This was intended to 
apply to very well shielded systems where 
the probability of back flashes from the 
shield wires to the conductors is negligible. 
In another paragraph of the paper the state- 
ment is made that on high-voltage shielded 
systems the probability of lightning arrester 
discharge currents of 5,000 or more amperes 
per microsecond may be from zero to 5 per 
100 arresters per year. These figures might 
indicate off hand that on shielded systems 
there can be a greater probability of steep 
currents than on unshielded systems, which, 
as Cornelius points out, is not consistent. 
The shielded systems with a higher proba- 
bility of steep lightning arrester currents are 
not well shielded. The analysis made by 
C. F. Wagner, reference 12 of the paper, 
from which the data were taken, brings this 
out. Wagner calculated the probabilities of 
steep arrester currents on the basis of the 
probability of back flashes. If a back flash 
occurs, the voltage and current on the line 
conductors rise abruptly, more or less re- 
gardless of the rate of rise of current that the 
lightning has produced in the shield wires 
before the back flash occurs. Thus there 
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may be a greater probability of steep arrester 
discharge currents in a poorly shielded sys- 
tem than in an unshielded one. As indi- 
cated by Wagner, the higher probabilities of 
steep currents are associated with systems 
that have overhead ground wires but lower 
insulation and higher ground resistances, on 
which back flashes are more probable. That 
low tower footing resistances in the vicinity 
of a station are highly desirable for this 
reason, is pointed out by Wagner and in the 
paper. 

Cornelius questions the validity of the 
conclusions that the shortest fronts of 
lightning arrester discharge currents ac- 
company low magnitudes of current. The 
data available indicate this to be so. It 
is recognized that the volume of data is not 
great. More data would be useful and we 
hope that more may be accumulated. The 
operators of transmission and distribution 
systems could contribute to such an 
accumulation of data. The conclusion is 
based on all the data that are available to 
the industry at present. There are certain 
considerations that also point toward the 
same conclusion, such as the one mentioned 
in the paper that when an arrester gap 
sparks, a sudden rise in current in the 
lightning arrester is to be expected, up to a 
magnitude depending on the characteristics 
of the lightning arrester and the voltage 
across the lightning arrester at the instant 
sparkover occurs. This is something like 
the case of a back flash from a struck shield 
wire to a line conductor. Ina paper! by I. 
W. Gross and G. D. Lippert results are 
given of measurements on rates of rise of 
surge voltage. Figure 4 of that paper is of a 
special interest and indicates again the 
considerably greater prevalence of moderate 
rates of rise over steep ones. 

Cornelius asks for the magnitude of the 
discharge voltage of a 37-kv station-type 
lightning arrester while discharging a current 
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with a rate of rise of 5,000 amperes per 
microsecond, with a crest of 5,000 amperes. 
Before replying to this question we wish to 
make the following remarks. The meaning 
of rate of rise of discharge current should be 
defined accurately. A discharge current as 
described is difficult to obtain in the labora- 
tory. From certain available data we do 
not think that the current crest has much, 
if any, effect on the crest of the discharge 
voltage provided the initial rate of rise of 
current is held constant. We urge caution in 
using crest magnitude of discharge voltage 
without consideration of the wave shape in 
relating lightning arrester performance to 
insulation withstand strength because in- 
sulation withstand strength, basic impulse 
insulation level, is itself defined on the basis 
of both crest and wave shape. We estimate 
that an initial rate of rise of 5,000 amperes 
per microsecond will produce, in a 37-kv 
Autovalve station-type lightning arrester, a 
discharge voltage crest of the order of 147 
ky. This is about the same as the voltage 
crest produced by a 10 by 20 discharge cur- 
rent of 20,000 amperes crest, although the 
discharge voltage wave shapes will be dif- 
ferent. 

It is not recommended that the crest 
voltage just estimated be used as a basis for 
comparison with insulation. For this pur- 
pose the discharge voltages obtained with 
the 10 by 20 current wave now standard are 
more suitable. The change in both crest 
and wave shape of the voltage produced by 
change in the time to crest of the discharge 
current is shown by A. M. Opsahl in ref- 
erence 22 of the paper. In Figure 1 of this 
discussion, Opsahl’s data are used to plot 
the discharge voltages of a 121-kv Autovalve 
station-type lightning arrester with two dis- 
charge currents, both of 4,800 amperes crest 
but with different wave shapes as indicated 
in the figure’s caption. The 1.5 by 40 wave 
of voltage that designates the basic impulse 
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insulation level of 115-kvy class insulation is 
shown for reference. Comparing curves B 
and C with A and considering the areas 
under them it appears likely that there is 
actually less margin between C and A than 
between B and A. From this standpoint 
alone the 10 by 20 wave of discharge current 
should be preferable because it produces dis- 
charge voltages which in magnitude and 
wave shape seem to approximate the sever- 
ity of the 1.5 by 40 voltage wave that deter- 
mines the insulation level of equipment. 

Cornelius suggests that instead of the dis- 
charge current wave shape proposed in the 
paper for the duty cycle test, a wave shape 
of 5 by 45 microseconds with a total dura- 
tion of 600 microseconds would be more 
satisfactory from the users’ point of view. 
We have no particular comment on this al- 
though we would question why this wave 
should be more satisfactory. We would like 
to point out that in arriving at these tests, 
there are some limitations as to what can be 
done in laboratories and routine test floors. 
The wave shape proposed in the paper has 
been used for a number of years and it seems 
to satisfy the criterion that is really the most 
important; that is, that lightning arresters 
which meet these tests give good service in 
the field. 

We are not entirely convinced that tests 
in addition to those proposed in the paper 
are necessary to control the performance of 
lightning arresters and to differentiate be- 
tween the different types. We would how- 
ever, go so far as to say that a low current 
long duration test of perhaps the general 
order proposed by Cornelius at the end of his 
discussion has more significance than the 
65,000- and 100,000-ampere test now speci- 
fied for valve lightning arresters in stand- 
ards. Weare of the opinion that the 65,000- 
ampere tests should be retained for distribu- 
tion-type expulsion lightning arresters but 
we think these high current tests might well 
be discarded in the case of the valve light- 
ning arresters. 

Kalb raises several points of interest in 
reference to the tests. The firing angle sug- 
gested in the paper was proposed because its 
use in such tests over a number of years” has 
resulted in good service experience indicating 
the test procedure to be a good criterion. 
Also, it is a convenient firing point. In 
selecting a test procedure it is not practical 
to cover all possible conditions covered by 
their statistical distribution. One selects a 
criterion that is representative, is severe 
enough to assure satisfactory service and 
can be obtained by practical means in the 
laboratory or shop. We do not believe vary- 
ing the firing angle is necessary in case of 
valve lightning arresters. 

Kalb’s suggestion of a reactive circuit has 
merit for lightning arresters whose follow 
current depends significantly on the im- 
pedances of the power system. This is the 
case with expulsion lightning airesters. In 
the case of practical systems and valve 
lightning arresters the power follow circuit 
is highly resistive because of the characteris- 
tic of the valve element. The effect that 
phase displacement between voltage and 
current may have on the ability of gaps to 
recover and interrupt is well known but we 
do not believe it is a problem in arresters of 
the valve types as they are made today. 

In reply to Koerber’s discussion, we agree 
that there are interactions between impulse 
and power circuits that affect the duty on 
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the lightning arrester. This was considered 
when the duty cycle test proposed in the 
paper was established as a routine quality 
control test for station-type Autovalve 
lightning arresters some years ago.* This is 
a factor to a degree also in testing with 10 by 
20 waves of discharge current. The tail of 
that discharge current is less well defined 
than the wave proposed in the paper. We 
recognize that probably debate and dis- 
cussion is to be expected before a new 
standard is evolved. The industry has had 
similar problems that have been reconciled. 

A long duration test of the general charac- 
ter mentioned by Koerber has merit, in our 
opinion, as a surge current withstand test 
and we are in general agreement with a pro- 
posal of this nature. As in the case of the 
other proposal, some further discussion of it 
is desirable. We do not believe it takes the 
place of a duty cycle test such as that pro- 
posed in the paper. 

The question raised by Mertz opens a 
subject on which much discussion might 
take place. If there is no limitation as to 
test facilities and the expense warranted, a 
series of tests might be desirable. One test 
we would consider to be significant is a 60- 
cycle sparkover or withstand test in ac- 
cordance with AIEE standards. To check 
the protective characteristics of valve 
lightning arresters, we believe that a volt 
time oscillogram using a 10 by 20 discharge 
current would be desirable. For sucha testa 
current crest of 1,500 amperes would be 
adequate although other current magnitudes 
might be used. In the case of the expulsion 
lightning arresters, inspection of the series 
gap and the interrupter should be sufficient. 
To check the follow current interrupting 
ability of a valve lightning arrester that has 
been in service for 10 years, a test such as 
Mertz describes, that is 2,000 amperes surge 
current and a 60-cycle circuit of 400 amperes 
should, in our opinion, be satisfactory. We 
assume the 400 amperes mentioned by 
Mertz applies to the short circuit current 
capacity of the 60-cycle power circuit. On 
the expulsion lightning arresters this would 
be a rather mild circuit and on these we rec- 
ommend inspection rather than the duty 
cycle test. Such tests will not tell whether 
these 10-year lightning arresters are as good 
as new in all respects but they will indicate 
that more service can be expected from 
them. To make tests to determine whether 
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they are as good as new would require more 
exhaustive ones made under more severe 
conditions. After having subjected a 10- 
year lightning arrester to the latter tests 
there would probably arise serious question 
whether to put it back in service because 
these severe tests subject them to more 
severe duty than they would experience 
during a number of years of average service. 

We are much interested in Rorden’s con- 
clusion that lightning arrester failures 
rarely occur from lightning and that the 
greatest hazard is dynamic transients that 
exceed the lightning arrester rating. This is 
also our conclusion. In the case of station- 
type lightning arresters we are quite con- 
vineced that lightning alone without con- 
tributing factors is a negligible cause of 
damage. We do not feel that this is equally 
true in the case of line or distribution types. 

We concur with Rorden that dynamic over- 
voltages high enough to spark the lightning 
arrester series gap produce damage. This 
would require considerable voltage in the 
case of station-type lightning arresters since 
their 60-cycle sparkover, dry or wet, is at 
least 1!/) times and usually more than 11/2 
times the lightning arrester rating. In the 
case of high-voltage lightning arresters, other 
than the station type, contamination and 
moisture on the outside surfaces can cause 
trouble of this nature. Such a condition will 
reduce the 60-cycle sparkover below normal. 
This is the major reason why the use of line- 
type lightning arresters with ratings higher 
than 73 kv is not recommended. 

Mr. Rorden mentions, also as a cause of 
lightning arrester damage, dynamic over- 
voltages of long duration which do not 
sparkover the series gaps but result in ex- 
cessive heating of the lightning arrester 
blocks. This question must be examined in 
some detail. It seems to us that a dynamic 
voltage in excess of the lightning arrester 
rating but below the sparkover voltage of 
the lightning arrester, not accompanied by 
any other transient system disturbance, 
would not be harmful because if the gaps do 
not spark, the current through the arrester is 
limited to that which is passed by the shunt- 
ing resistance elements that parallel the 
series gap elements. This current is small 
and to the best of our knowledge would not 
damage the lightning arrester valve ele- 
ments. If, however, there is a dynamic 
voltage on the lightning arrester in excess of 
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its rating and during this time the ter is 
sparked over by a surge, then follow current 
flows and the arrester attempts to clear the 
follow current against a dynamic voltage 
that is in excess of the lightning arrester 
rating. The limit of the dynamic voltage 
against which the lightning arrester can 
accomplish this is designated by its voltage 
rating. If the dynamic voltage is above the 
lightning arrester rating, the arrester must 
try to interrupt a higher than normal follow 
current against a higher than normal Yolt- 
age. It will probably be unable to ac- 
complish this, power follow current will con- 
tinue to flow and the lightning arrester will 
be damaged. 

We believe the situation just described is 
the chief hazard to lightning arresters of the 
station type. If applications are carefully 
made, the risk is negligible. 

Rorden’s request for comments relative to 
the hazards and probabilities of lightning 
arrester damage is a difficult one to answer 
quantitatively. The risk of damage in- 
creases as the dynamic voltage applied 
across the lightning arrester increases be- 
yond the lightning arrester rating. With the 
voltage no higher than the arrester rating, 
the probability of damage is negligible, and 
this seems to have been borne out very well 
by service experience. If the dynamic 
voltage applied across the arrester terminals 
increases above the arrester rating the risk 
mounts. As the dynamic voltage applied to 
the lightning arrester terminal increases, the 
risk increases and finally if the dynamic 
voltage becomes equal to gap sparkover, 
damage is practically certain. 

In closing, I wish to express appreciation 
to the discussors of the paper because the 
discussions have raised points of interest and 
provided an opportunity for expanding on 
the subject beyond the original scope of the 


paper. 
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Economic Primary Circuit Design 
Beneficially Studied by Unit System 


D. K. BLAKE 
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T IS convenient, in the study of dis- 

tribution system economics, to make 
two distinctions or divisions, They are 
the secondary system and the primary 
system. Thesecondary system is thought 
of as being composed of distribution 
transformers and their secondary (120/ 
240 volt) mains. The primary system is 
conveniently thought of as being com- 
posed of primary or feeder circuit, and 
distribution substations to supply the 
feeders or circuits. 

In practice it is easier to design for field 
conditions by thinking of and treating 
‘the primary system and the secondary 

system separately, It is believed this 
separation of treatment results in no sub- 
stantial error involving an economic 
choice but it is recognized that one sys- 
tem does have an economic reaction to 
the other system, This paper will con- 
fine its discussion to the principal eco- 
nomic considerations of the primary sys- 
tem focusing most attention on that por- 
tion of the primary circuit that covers the 
load area. Overhead construction supply- 
ing domestic areas is predominantly in 
mind, but small power loads and commer- 
cial areas cannot be ignored in practical 
applications. 


Studies of Ideal Uniform 
Conditions, a Valuable Aid 
to the Judgment 


Field conditions confronting the dis- 
‘tribution planning engineers are very 
complex. Uniform distribution of the 
load over substantial areas is not the rule. 
The exact determination of the most 

conomical design is not practical and an 
Brosimate determination is laborious 
and consequently has deterred many 
from giving primary circuit economic de- 
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sign the study it deserves. It is believed 
much benefit can be obtained from 
theoretical studies of ideal uniform con- 
ditions. Before one can design for com- 
plex conditions he must understand well 
the principal factors determining an eco- 
nomic choice for ideal uniform conditions. 
After this it is in order to see how ideal 
studies can be modified to represent 
conditions known to commonly occur in 
the field. After these effects are under- 
stood it then becomes in order to analyze 
field conditions to see how they can be 
modified in a study to approximate ideal 
conditions. The large individual loads 
in the area, for example, can be set aside 
and the remaining load assumed as dis- 
tributed in an approximate manner. 
This will enable determination of design 
for distributed load conditions. Then 
the concentrated loads present, or antici- 
pated, can be added and their effect on 
the circuit design observed. This pro- 
cedure educates the judgment, and judg- 
ment must always be relied upon in mak- 
ing final decisions of distribution circuit 
design in practice. This paper offers no 
substitute for the engineer’s judgment. 
It is hoped the ideas presented will be an 
aid to his judgment. 


Voltage Drop Principal Design 
Requirement 


In the process of the design of any part 
of a distribution system there are two 
requirements to be met that are upper- 
most in the mind of the engineer. One is 
good voltage and the other is continuity 
of supply. This paper is concerned ex- 
clusively with the good voltage aspect it 
being assumed that the resulting circuit is 
satisfactory or can easily be made so, 
from the continuity viewpoint. It is be- 
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lieved to be a more informative proce- 
dure to first design for voltage require- 
ments and then modify for continuity 
requirements. 

Voltage requirements are usually ex- 
pressed by some upper limit and some 
lower limit. This spread in voltage is 
thought of as being at the consumer’s 
service entrance. The amount of this 
spread in volts is a matter of opinion. 
Whatever the value chosen, the voltage 
drops through successive parts of the 
system are so allocated that a certain 
value of voltage drop is allotted to the 
primary circuit between the first trans- 
former nearest the feed point and the last 
transformer, or transformer receiving the 
lowest voltage on its primary. It is this 
voltage drop between the first transformer 
and the last transformer that determines 
or controls the economic circuit design. 
The lowest primary system (not circuit 
alone) cost is obtained when the circuit 
can be so designed that the maximum 
load can be picked up at one point. The 
reason is that the more load that can be 
picked up from one point and still meet 
the prescribed voltage drop, the fewer 
the number of feeders or substations re- 
quired to feed the area and the better is 
the total primary copper in the area 
utilized though this latter may not always 
be so. 


Pattern Studies First in Importance 


If a feed point in a given area is selected 
and lines are drawn on paper to feed the 
individual distribution transformers a 
particular circuit pattern will result. 
The lines may be run in a different man- 
ner and another pattern will be seen. 
The location of the feed point may be 
changed resulting in another pattern. 
Patterns therefore may be influenced by 
street spacings, routings, obstacles and 
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GIVES PERMISSIBLE VOLTAGE DROP 25 
FROM FIRST TRANSFORMER AT FEED 
POINT TO LAST TRANSFORMER AT 
THE END. 
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Figure 1. Beginning with a straight line fed at the middle as the base of a unit 
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FROM VOLTAGE VIEWPOINT, 


nm 
°o 


a 


WT/KVA OF ADDED LOAD. “0” SECTION=! 


“O" SECTION LOAD AND WT. NOT 
INCLUDED WITH SECS. | TO 10. 


2 3 4 5 6 7 8 9 Te} 
NUMBER OF SECTIONS DEVELOPED 


Figure 3, The group of curves is related to those of Figure 2 


and indicates the degree of copper utilization 


system one can study a variety of patterns 


the points available for the selection of 
feed points. It is important to study 
what influence the choice of pattern or 
extension of a pattern will have on the 
amount of load that can be picked up at 
one point and the resulting utilization of 
copper. 

It is important that the method used to 
study these factors of circuit design be 
made as simple and as convenient as pos- 
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sible, not only because of better under- 
standing but to reduce the labor involved. 
In the initial stages it is not necessary to 
be specific about voltage, voltage drop, 
kilovolt-amperes, power-factor, or wire 
size. To study patterns one begins by 
choosing the simplest pattern which is a 
straight line fed from the middle, Figure 1. 
The load is assumed to be 100 per cent 
distributed, the weight of wire 100 per 
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90 
Figure 2 (left). 
Pattern develop- 6 
ment is related to 
the length ratio of 70 
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of sections de- < 
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total length of . 
mains equals the “ 40 
length of the unit 
lateral. This 30 
group of curves 
indicates the =o 
amount of load 
that can be = 


picked up from 
one feed point 
=| : 5 
8 @ 10 and give” unit 
voltage drop 


Blake—Economic Primary Circuit Design Studied by Unit System 


cent, the wire size unity, the length unity, 
the prescribed voltage drop from the feed 
point is unity, and the weight/kva is 
unity. All values are referred from the 
feed point to the end of each branch or 
lateral. 

It is obvious that we could superimpose 
a duplicate straight line at right angles to 
the first one and feed the four points of 
the compass from the same feed point and 
maintain the same full utilization of 
copper. Any number of duplicate 


Figure 4 (below). The voltage drop in the 
mains is seen to offer the most benefits of volt- 
age drop reduction by the use of larger copper 
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branches could radiate from the feed 
point like spokes in a wheel and also give a 
maximum utilization of copper. Such a 
pattern with more than four spokes how- 
ever departs too far from practical condi- 
tions. 

If we consider a duplicate straight line 
separated a distance ‘‘b” but parallel to 
the original line, we introduce an impor- 
tant factor that prevents getting full cop- 
per utilization on the second straight line, 
although it does not change the full 
utilization on the original line unless we 
change the original feed point. It is 
convenient to assume the original feed 
point as fixed and to run a conductor 
called a ‘‘main”’ from the feed point to the 
middle of the second line. For simplic- 
ity, no load is considered to be con- 
nected to the main ‘‘b.” 

The voltage drop through the main 
must be included in the total allowable 
drop and therefore reduces the load that 
can be carried on the two halves of the 
duplicate line now labeled as “‘laterals.” 
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Figure 5 (left). 600 
Copper sizes are 
best thought of in 
terms of the re- 
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Figure 7 (right). Larger LOC 


copper in the mains gives 

substantially greater load 

carrying ability to keep 

within the prescribed unit 0 
voltage drop 


Thus we have added more copper and 
carry less load. 

A third straight line parallel to the 
other two can be added and supplied by 
extending the main ‘‘b” making it longer 
and increasing its importance as a con- 
sumer of valuable voltage drop and fur- 
ther reducing the amount of load that 
can be carried per lateral. 

A convenient way of analyzing sym- 
metrical patterns is to use various ratios 
of b/a and adding individual straight 
lines or sections until the total length of 
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Figure 6 (left). 
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Figure 8 (right). 
The large load in 
Figure 7 is car- 
ried at a corre- 
sponding reduc- 
tion in weight/ 
kva because the 


laterals are better % 
loaded 
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NUMBER OF SECTIONS WHEN a=c 
the “‘b’’ mains called ‘‘c’’ is equal to the 
length of a lateral. This process covers 
the field conditions where the length of 
the mains is of the same order as the 
laterals or shorter. 

A convenient way of studying patterns 
where the length of main is much greater 
than the length of the laterals is to assume 
a fixed ratio like b/a=1 and simply add 
sections successively until the total length 
becomes a limiting factor. 

These symmetrical patterns do, to some 
extent, approximate conditions frequently 
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found in the field although many times 
the areas they cover are not large enough 
to constitute complete circuits. 

In Figure 2 is shown the uniformly dis- 
tributed load that can be fed from one 
point as influenced only by the ratio of 
b/a and the number of sections connected 
for each ratio. In each case the curves 
terminate when the total length of mains 
“c’ equals the length of laterals ‘‘a.’’ No 
consideration at this point is given to 
wire size or power factor. Any wire size 
would give the same result as long as all 
wires, ‘‘mains and laterals’ are the same 
size. Likewise, the power factor does not 
matter as Jong as it is the same for all 
cases. 

It is seen that the smaller the ratio of 
b/a becomes, the greater the load that 
can be picked up from one feed point and 
that the amount of load diminishes after 
the addition of the second section in the 
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Figure 9 (left). Thisisa 3.5 
study in load carrying 
ability as influenced by 
increasing the wire size 
expressed in terms of 
ratio of area or weight 
to the unit conductor 
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Figure 11 (right). Pat- 
tern variations can be 
made easily by relocat- 
ing the feed point. 
Copper size benefits 
can be combined to ob- 1.05 
serve combination bene- 
fits 


RATIO OF KVA OF PATTERN B TO PATTERN A 


case of the higher ratios and after the 
third section for the lowest ratio. Using 
200 per cent as a reference base load helps 
to show that the adding of sections 1 to 10 
fails to give a loading equal to the original 
“O” section. 


Figure 10 (left). 
The study of 
weight/kva with 
increasing copper 
size is seen to 
have an optimum 
when the number 
of sections is 
small 


Figure 12 (right). 
Symmetrical pat- 
terns can be ap- 
plied to small 
areas and con- 
nected in various 
manners to form 
an unsymmetrical 
pattern from a 
larger area view- 
point 
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BALANCED CONDITION. 


It is seen from Figure 3 that the lowest 
weight/kva is obtained with the lowest 
ratio when it is restricted to the same 
number of sections as the others which, of 
course, is due entirely to its shorter total 
length of main ‘‘c,”” When all ratios are 
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developed to the same distance of ‘‘a’’= 
“c” then the weight/kva increases sub- 
stantially with the lower ratio. This is 
due to the fact that voltage drop in the 
mains is greater, and therefore the permis- 
sible voltage drop in the laterals to keep 
~with the same limit is less for the lower 
ratios as shown by Figure 4. The more 
voltage drop permissible in the laterals, 
the better the copper utilization. Ob- 
serve that there are more laterals with 
lighter loads per lateral as these ratios 
become smaller. The voltage drop in the 
last laterals determines the distributed 
load for all the other laterals. While the 
total voltage drop in the other laterals is 
less than in the last laterals, these cannot 
carry more load than the last without 
adding to the voltage drop in the mains 
which in turn would decrease the permis- 
sible load in the last lateral. However 
the total circuit load could be greater by 
having a progressively decreasing density 
from the first to the last lateral. The 
purpose here is to approach the problem 
from the uniformly distributed load view- 
point first because of its simplicity. 


Benefits from Larger Wire Size Best 
Understood After Pattern Study 


At this point it is pertinent to intro- 
duce wire size and power factor to see what 


1951, Vo_umeE 70 


LOAD=100, wT.=100, WE «1 ae 


LOAD=278, wt=90, L-0324 10 


100 


> KVA 


VOLTAGE DROP 


*/le 


» KVA 


“8” Figure 13 (left). 


ductor. 


*/o VOLTAGE DROP IN MAINS 


FOR CASE WHEN S =| & REMAINS CONSTANT 
“c" IS PROPORTIONAL TO THE NUMBER OF 
SECTIONS 


*/e VOLTAGE DROP IN LATERALS 


2 3 4 5 6 7 8 9 10 


NUMBER OF SECTIONS 


The unit system can be applied to field conditions by 
choosing some portion as a unit and analyzing that area in those terms. 
The heavy lines indicate 4/0 conductor and light line number 6 con- 
Voltage drops figured at 0.95 power factor. 
changed by relocation of the feed point and benefits shown in “B” 


The pattern is 


Figure 14 (above). The voltage drop in laterals rapidly becomes 
insignificant when the total length of mains is large compared to the 


influence they will have on loads that can 
be fed from one point and copper utiliza- 
tion expressed in weight/kva. 

The place of course to use more copper 
is in the mains for that is where most of 
the voltage drop occurs. Assume that 
the original size for mains and laterals is 
the smallest wire commonly used for dis- 
tribution primaries, number 6 wire. The 
maximum voltage reduction that can be 
made is of course the largest wire size 
commonly used in distribution primaries, 
4/0. Instead of thinking in terms of 
ohms resistance and reactance or B and $ 
gauge, think in terms of the ratios of 
voltage drops and cross section or weights. 
For example, a 4/0 copper is eight times 
the cross section and weight of a number 
6 conductor and gives 1/8 the voltage 
drop at unity power factor. 

Going back to the original single line 
with midpoint feed, it can carry about 
eight times the load at unity power factor 
with a 4/0 instead of number 6 and the 
weight/kva will be the same as before or 
unity. If, however, the power factor is 
95 per cent then the voltage drop is about 
1/5 with distribution spacings instead of 
1/8 so we can carry only five times the 
load and the weight/kva has gone up 60 
per cent to 1.6. Figure 5 shows the volt- 
age drop of a 4/0 as a fraction of number 
6. This means that the voltage correc- 
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length of lateral. 


Compare with Figure 4 


tion possibilities by changing wire sizes 
are greatly restricted by power factors 
below unity. Instead of being an 8:1 
spread in voltage drop it is 5:1 for 0.95 
power factor and less than 4: 1 at 0.8 power 
factor. Figure 6 shows how the weight/- 
kva remains constant for unity power 
factor and increases uniformly as the 
cross sections increase for other power 
factor and becomes almost double for 
eight times (4/0) at 0.90 power factor. 

In Figure 7 the maximum benefit can 
be seen to be obtained by means of using 
larger copper. This larger copper is to be 
used in the mains where most of the drop 
occurs. In this diagram we are not using 
ratios of b/a but instead are increasing 
the number of laterals equally spaced for 
the condition of a length of main equal to 
the length of a lateral or a=c. The 
effectiveness of larger copper particularly 
at unity power factor is clearly seen. 
This also can illustrate the value of shunt 
capacitors in connection with circuit de- 
sign. A power factor of 0.95 has about 
31 per cent kilovars. It would be im- 
practical to distribute individual capaci- 
tors equal to this total amount to every 
load, or every lateral for that matter 
Fortunately the drop produced by 31 per 
cent kilovars distributed with the load 
can be compensated for by half that 
amount or 16 per cent kilovars located at 
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load that can be picked up after the first few sections. 
kind are greatly benefited by the addition of supplementary regulators 
located at one or more points in the circuit 


Figure 16 (right). 
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Patterns of this 


The weight/kva of course goes up rapidly be- 


cause the greater amount of copper caused by length carries less 


load per foot 


the end of the mains. The load of the 
“O” section is not included in the figures 
because it may be any amount up to 200 
per cent without exceeding the prescribed 
voltage drop for the circuit. It also may 
be looked at as a concentrated load com- 
parable to all the load on all the other 
laterals. In the field such a situation 
would at once indicate the location of the 
feed point. 

The weight/kva for the load indicated 
in Figure 7 is shown in Figure 8. The 
benefits of larger copper in the mains is 
clearly evident. Increasing the number 
of sections increases the weight/kva be- 
cause the load carried per lateral goes 
down as the number of laterals goes up. 
The additional weight/kva is easy to 
justify in view of the greater load per- 
mitted and consequent reduction in the 
number of feeders or substations as the 
case may be. Figure 9 shows how the 
load that can be picked up, increases with 
increasing copper size. The larger num- 
ber of laterals gets a more pronounced 
benefit because every portion of a volt- 
age drop taken out of the mains enables 
all the laterals to carry a corresponding 
increase in load. When the number of 
laterals is less than five, the weight/kva 
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increases as the copper size approaches 
the maximum. Figure 10 shows this to 
occur at about five times the cross sec- 
tion when the pattern has two sections. 
This up turn of course is due to the 
great weight put into the mains not bene- 
fiting a large enough number of sections 
or laterals. 


Pattern Benefits Are to Be 
Compared with Larger Copper 
Benefits 


In Figure 11 is illustrated a combina- 
tion study of pattern and copper size. 

The pattern is simply modified by a 
change in location of the feed point. The 
benefit from a purely pattern viewpoint is 
very pronounced but when combined 
with copper benefits the benefit of pattern 
change is substantially reduced. In this 
kind of study it is essential to take into 
account the source that supplies the feed 
point. If the source is a feeder from a 
distant substation then the length of that 
feeder is increased with the accompanying 
cost and added voltage drop. This volt- 
age drop in the express feeder portion 
substantially exceeds the voltage reduc- 
tion in the pattern itself. For the three 
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section pattern illustrated in Figure 11 
this amounts to a 50 per cent increase. 
This of course would be unacceptable if it 
were not for the ability to compensate for 
all voltage drop occurring in the feeder 
portion. Even then it may not be ac- 
ceptable due to the added feeder cost and 
the complication of an added circuit on 
the pole structures for some or all por- 
tions of distance within the circuit area. 


Feed Points Can Be Considered as 
a Bus Regulated Substation 


This is a good place to emphasize that 
these feed points could very well be the 
location of bus regulated substations in 
lieu of feeders from a distant substation. 
Figure 11 in that case shows how the 
size of load that can be bus-regulated is 
increased by locating them at the load 
center. In such cases the added voltage 
drop of the higher voltage subtransmis- 
sion is divided by the square of the ratio 
of voltages and will usually not be signifi- 
cant. Field conditions may prevent full 
realization of theoretical benefits. 

From the foregoing considerations it 
seems that the proper procedure in load 
area studies is to first determine the num- 
ber and location of feed poifits. The re- 
mainder of the primary system study then 
becomes the determination of the number, 
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size, and location of the distribution sub- 
stations. Obviously there are two ex- 
tremes. Each circuit feed point can be 
connected by means of feeders to one large 
substation for the entire area. The other 
extreme is to locate a substation at each 
feed point. The economic choice may 
be a number of smaller substations each 
with a few shorter feeders. 


Small Symmetrical Patterns Can Be 
Grouped to Approximate 
Nonuniform Field Conditions 


Field conditions, of course, are not 
uniform and a study of uniform patterns 
alone is of limited value in designing for 
nonuniform field conditions. However, 
the benefits to be derived from a study of 
symmetrical patterns can be extended by 
grouping a number of small symmetrical 
patterns to form a larger nonsymmetrical 
pattern. Such a combination is shown in 
Figure 12. A feed point is first assumed 
as indicated in the upper pattern. Load 
is uniformly distributed giving unit volt- 
age drop for the unit length of lateral. 
Starting at the end of the smaller sym- 
metrical patterns and working backwards 
to the feed point, the voltage drops in the 
individual portion of mains are calcu- 
lated mentally keeping in mind that the 
unit length of mains has twice the volt- 
age drop of unit length of lateral because 
the lateral load is assumed to be distrib- 
uted. These voltage drops are then 
totaled and that value then is used as a 
reference to determine what modifications 
will accomplish in load carrying ability. 
With unit conductor the total drop to the 
end of the small pattern ‘‘a” is 80 and for 
“b” is 78. The extreme benefit from in- 
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Figure 17 (left). 
The influence load 
density has on the 
amount of load per 
circuit and the num- 
ber of circuits in a 
given area is con- 
veniently studied by 
changing the dimen- 
sions of a given pat- 
tern and adjusting 
the load accordingly 


Figure 18. Eco- 
nomic substation 
sizes are largely de- 
termined by the re- 
lation between the 
cost of high-voltage 
lines to supply them 
and the cost of low- 
voltage lines from 
them 


crease in copper size would occur by going 
from a number 6 to 4/0. This would 
give a voltage drop 1/5 at 0.95 power fac- 
tor. If applied as shown by the heavy 
lines it would reduce the total voltage 
drop to 18.4 for ‘‘a” and 18 for ‘‘b.”’. For 
the same voltage requirement the load 
carrying ability by increasing copper size 
as indicated becomes 80+18.4=4.35 
times. Any concentrated loads in the 
area could then be added and their re- 
sulting voltage drop added to the 18.4. 
If, for example, we superimpose a con- 
centrated load, equal to the distributed 
load along the lateral, at the end of the 
last lateral for pattern ‘‘a’’ 4.6 should be 
added to 184 giving 23 volts. This 
would decrease the total load to 80+23= 
3.5 times. The pattern’s load is thus re- 
duced to 80 per cent by the addition of 
this concentrated load. Observe that 2 
volts of this 4.6 occurs in the lateral itself 
and could be reduced by larger copper of 
intermediate size. 

If now the feed point is located as 
shown in the middle figure of Figure 12, 
then on the face of it the pattern change 
alone gives 80+26=3.08 times. Adding 
the benefits of large copper we have 
18.4+7.6=2.42 showing that the copper 
benefits reduce the pattern change bene- 
fits. But a closer examination will show 
that each small pattern can now be con- 
sidered separately, Pattern ‘‘b’’ can be 
loaded 7.6+6.2=1.23 times ‘‘a’’ and 
pattern ‘“‘c” 7.6+7.2=1.05 times ‘‘a,” 
Suppose now we consider the bottom 
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figure of Figure 12, and that the first feed 
point becomes a substation which cannot 
be located at such a convenient spot as in 
the middle figure. The smaller patterns 
“a,” “b,” and ‘‘c”’ are considered as radial 
feeders. With bus regulation the load on 
“b” could be built up to 6.2+2.2=2.8 
times what it would be if substation was 
located as in the middle figure assuming 
4/0 copper for the mains. “a” and ‘‘c”’ 
however would be diminished to 63 and 
60 per cent, respectively, on account of 
the long feeder drop. On the other hand 
individual feeder regulators in the feeders 
to “a” and ‘‘c’’ would compensate for the 
30/6 volts and permit loadings 7.6+6= 
1.27 times for “a” and 7.2+6=1.2 times 
for “‘c All values are referred to the 
middle figure. To summarize: The cop- 
per benefits give 4.35 times the load carry- 
ing ability in the top pattern. The shift 
in feed point combined with the copper 
benefits raises this to 10.5. If advantage 
could be taken of more load on the 
shorter branches this 10.5 could be raised 
to 11.5. Locating substation at feed 
point of bottom figure permits 16.3 times 
for the total area but requires a much 
heavier load near the substation to be 
realized, a very unlikely situation. 
Feeder voltage regulators increase the 
loading potentialities to nearly 21 times 
but still require the doubtful benefit of 
having such a heavy load on the feeder 
next to the substation. Another way 
the lower figure of Figure 12 could be 
evaluated would be to have one feeder 
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bus regulated and the other two group 
regulated. In that case the three small 
patterns could be equally loaded to 
about 13.5 times the original case of unit 
conductor and top pattern. If the initial 
case corresponds to 150 kva then 13.5 
times would be about 2,000 kva. 

In field conditions most patterns will 
result in laterals of unequal lengths. 
The same method of analysis can be used 
as with symmetrical patterns, namely, 
assume some unit length of lateral with 
unit conductor and 100 per cent load 
giving unit voltage drop. Figure 13 
shows the treatment for two patterns to 
supply a given field condition of uniform 
load distribution on mains as well as 
laterals. The analysis could be carried 
on using various values of concentrated 
loads at various points. For actual cir- 
cuits these voltage drop values could be 
kept on file and the effects of new loads or 
load growth readily evaluated. It is be- 
lieved that the use of unit values and the 
choice of copper size based on the voltage 
reduction obtained at the design power fac- 
tor instead of ohms Rand X gives a better 
understanding of circuit design although 
the labor involved is still substantial. It 
is obvious from the examples shown that 
the load carrying possibilities cover a 
wide range and therefore such study is 
essential if circuits in practice are to 
carry the maximum load per foot of dis- 
tribution circuit. 

Figures 14, 15, and 16 show the voltage, 
load and weight/kva for a fixed pattern 
extended in length. The amount of load 
that can be picked up is seen to increase 
rapidly toa maximum and then taper more 
slowly with increasing length, an effect 
due to voltage drop in the mains which 
can be improved by larger copper. This 
kind of a situation is ideal for subdivision 
of the circuit by the use of supplementary 
regulation and of capacitance to produce a 
voltage rise and is common in farm lines. 


Economic Loading Increases with 
Load Density 


In Figure 17 is illustrated the ease with 
which the effect of load density can be 
studied by changing the scale of dimen- 
sions of a given pattern. Let L=length, 
K=kilovolt-ampere of load per circuit, 
N=number of circuits, and LD=load 
density. The subscripts indicate the 
first and second cases. 


: ‘ 6, 
KL, = Kil, for same voltage drop, or- geet 
Ly Ky 


L,’ =area of original circuit 


K, Ky 
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The load per circuit increases as the 
cube root of the ratio of load density. 
The number of circuits times the load per 
circuit equals the total area times the 
load density. 


K.N2 =L;*LD, 
KiM =[,*LD, 


N,_K,LD: oe 
Ni KeLD, YLD,LD, 


-1 ay 
~ V\zp, 4 


The number of circuits increases as the 
cube root of the square of the ratio of the 
load density. 


Economic Substation Size 
Dependent on Economic 
Circuit Size 


It is not the scope of this paper to go 
into the determination of economic sub- 
station size. The problem is composed 
essentially of the three variables (1) high- 
voltage lines to the substation, (2) the 
substations themselves, and (3) the low- 
voltage lines from the substation to the 
feed points in the circuit areas. The 
influence of each variable can best be 
understood by omitting the substation 
cost variable and observing how the miles 
of high-voltage lines increase and the 
miles of low-voltage lines decrease as the 
substation size decreases. For any par- 
ticular pattern or shape of load area, the 
sum of the costs of the high-voltage plus 
low-voltage lines for one size of substation 
can be equated to that of another size, 
and the result expressed as a ratio of high- 
voltage line cost per mile to low-voltage 
line cost per mile that would give equal 
total line cost for either substation size. 
This ratio is then compared with the 
actual ratio of cost per mile to see how 
much margin there is left to make up for 
the omitted substation cost. If C=cost 
of high-voltage lines per mile, c=low 
voltage, M=high-voltage line total miles, 
m=low voltage and subscripts 1 and 2= 
substation size then 


CM, +cem = CMi+-cm:, 
C(M, — Mz) =c(m2,—m) 


C m-—m 
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Obviously the line mileage varies with 
pattern, area shape, number of circuits, 
and load density. Thus accurate costs 
are unnecessary in the study of substation 
sizes influenced by the lines to and from 
them. Their influence can be expressed 
in a ratio of cost per miles of the high- 
and low-voltage lines under consideration. 
When the choice is narrowed down to one 
or more sizes then detail estimates,are 
in order for the true economic choice. 
Figure 18 will aid in understanding the 
method where a choice between three 
substation sizes is under consideration. 
The units may be miles or thousands of 
feet. HV/LV corresponds to C/e. It is 
obvious that such factors as underground 
construction and duplicate feeders for 
continuity are automatically taken care 
of in the ratio which simply means any 
and all costs that are proportional to 
distance. 

This paper could be made much more 
comprehensive by more examples but it 
would also be much longer. It is be- 
lieved enough has been included to show 
that the best understanding of distribu- 
tion system economic design is obtained 
by the approach that considers the second- 
ary system first which establishes the 
transformer locations. The primary cir- 
cuit to cover the area is then determined 
using the distribution transformers as 
units to determine the load that can be 
picked up from the economic location of 
the feed point limited by the voltage drop 
from the first transformer to the last 
transformer. The feed points are then 
utilized as load units to determine the 
size and the location of distribution sub- 
stations. It also has been shown that 
the unit system can go a long way in an 
analyses made for the benefit of the 
understanding and thus avoid the cloud- 
ing effect produced when one tries to 
understand by using kilovolt-amperes 
values, conductor sizes in ohms or B & S 
gauge, miles, power factors, and so forth. 
Such a simplified method can never re- 
place detailed studies for actual costs but 
they could easily reduce the volume of 
such estimates made for purposes of 
comparison. Furthermore the unit sys- 
tem is useful in conveying a better under- 
standing to others who work in a different 
area but are nevertheless affected by a 
distribution system choice. Obviously 
much depends on the ingenuity and judg- 
ment of the one using such simplified 
methods. 
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Discussion 


D. R. Samson (General Electric Company, 
Schenectady, N. Y.): The ‘“‘unit system” 
of feeder analysis described in this paper was 
suggested by Mr. Blake to a small group of 
engineers several years ago. Since that time 
the individual ingenuity which he speaks of 
in his paper has expanded this idea. The 
unit system has been proposed to several 
utility companies and accepted. An appli- 
cation engineer in the Denver Office of the 
General Electric Company has developed 
a unique portable calculating board for use 
with this unit system of circuit analysis. 

By this simplified approach it is possible 
to analyze a distribution area without the 
confusing parameters of wire size, equivalent 
spacing, power factor, or exact transformer 
location. Having completed an elementary 
study it is possible to obtain more exacting 
data by convenient conversion factors. In 
his paper Mr. Blake makes no mention of 
single or 3-phase branches. Under actual 
field conditions, the feeders and branches 
may be a combination of single and three 
phase. The area may be analyzed as though 
it were all three phase, and then convert the 
3-phase unit voltage drops into single-phase 
values. If the load density is the same over 
the entire area, the unit drop for a single- 
phase branch can be obtained by doubling 
the 3-phase drop for a delta system or by 


multiplying by the factor 2,/3 for line to 
neutral drops on a Y-connected system. 
These factors are based upon 3-phase line- 
to-line voltage drops. It should also be 
noted that if the system is a multigrounded 
wye, the neutral impedance may be con- 
siderably lower than the phase wire imped- 
ance. This means that the correction factor 


2,/3 can be reduced as determined by local 
grounding conditions. 

In the use of this system, it has been found 
convenient to separate the larger concen- 
trated load, and then assume the remaining 
load of a feeder or an area to be relatively 
uniformly distributed. In particular areas 
' where no feeder loading exists, the calcu- 
lations are simplified because the distrib- 
uted loading effect in these sections may be 
omitted. Thus it is possible to very con- 
veniently simulate actual loading condi- 
tions. 

As pointed out by the author, the unit 
system of feeder analysis is not intended to 
supplant a detailed study. However, it has 
been found that this method of analysis 
enables one to quickly analyze the effects of 
relocating a feed point or a substation, to 
observe the behavior of concentrated and 
distributed loads, to evaluate the efficiency 
of present and future copper installations, 
to calculate voltage benefits from capacitors 
to primary systems, and to insure good con- 
sumer voltage. 

In the analysis of the load carrying ability 
of the circuit configurations shown in Figure 
1, the author has assumed full loading of the 
“©” section and uniform load density for 
the rest of the area considered. It may be 
pointed out that if the loadings of each lat- 
eral become progressively less as one moves 
away from the feed point, the load carrying 
ability of the main and the combined lat- 
erals can be increased when the voltage drop 
at the end of each lateral is equal to that 
at the end of the ‘“‘O”’ section. Progressively 


1951, VoLuME 70 


decreasing loads on the lateral is not a prac- 
tical field condition for heavy residential 
areas, but in the urban fringes this condition 
can quite often exist. 

Consider a circuit as shown in Figure 1 
which has three additional sections and a 
length ratio of main to lateral of 1/3(b/a= 
1/3). From Figure 2 of the paper it can be 
seen that the total load carried by the original 
section ‘‘O’’ and the three additional lat- 
erals is 266 per cent, or section “‘O”’ carries 
100 per cent load for each half and the three 
additional laterals carry a total of only 66 
per cent load. If the load carried on each 
lateral had not all been equal, the total load 
carried by these laterals could be increased. 
Thus with loading conditions such that the 
voltage drop at the end of each lateral is 
equal to the drop at the end of the “‘O” 
section, the total load of the three laterals 
could be increased from the 66 per cent 
value to 100 per cent. The combination of 
laterals and section ‘‘O”’ would then be 300 
per cent as compared with 266 per cent for 
uniform load conditions as shown in Figure 
2 


Similarly the load carrying ability of the 
main and laterals could be increased if the 
length of each lateral becomes shorter as one 
progresses away from the substation. The 
load to be picked up by these laterals would 
be at a uniform rate per unit of length or 
the load density would be considered uni- 
form. The load area would have a geo- 
metric shape of an isosceles triangle with the 
feed point located at the midpoint of the 
base side of the triangle. Thus it would be 
possible to feed a large uniformly distrib- 
uted load area by dividing the load area 
into a number of triangular sections. 


B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): I think the author has 
made a very good paper, but believe that it 
is somewhat too theoretical for a lot of the 
people who have to do with primary circuit 
design, particularly the designers, the 
young engineers coming along, and others. 

I suggest that the writer work up some 
typical examples using certain definite 
lengths, certain sizes of copper, and certain 
assumed loads. 


D.K. Blake: For a numerical example deal- 
ing in amperes and volts, let us begin with 
the straight line in Figure 1. First we as- 
sume number 6 conductor as our unit con- 
ductor size and 3 per cent voltage drop as 
the unit design value. Next assumptions 
are 2,400/4,160 Y circuit and a load power 
factor of 95 per cent. 

With balance load we need consider the 
impedance of only one wire in which we can 
allow 2,400X0.03=24 volts impedance 
drop. 


R cos 6+X sin 6=0.432 for 1,000 foot 
length 


24 volts+0.482=55.5 amperes 
which turn out to be 


PROMS EOS = 400 kva 3-phase balanced 


load 


For distributed load we can double either 
the load or the length. This turns out to be 
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our 100 per cent load whichever we decide 
to do. 

Next we add a parallel line of the same 
length to study the effect of pattern. Our 
first line is called ‘‘O”’ Section and oursecond 
is called Section 1. The main } connecting 
the midpoints is for illustration assumed to 
be equal to ¢ which is also equal to a. In 
calculating the voltage drop to the end of 
the lateral of Section 1 we use the unit 
system. Each lateral is assumed to be unit 
conductor of the same length and assumed 
to carry the same 100 per cent load carried 
by the laterals of Section ‘‘O.”’ Therefore 
the voltage drop in each lateral is one. 

To this voltage must be added the voltage 
drop through the main 6. At this point we 
must decide whether load is distributed 
along this main or not. Let us assume it is 
not. Main $ then carries 200 per cent load 
for unit length and the voltage drop pro- 
duced through it is 2 volts for double the 
load. This in turn must be multiplied by a 
factor of two, since we assumed our load on 
unit lateral @ is uniformly distributed. 
This gives us a 4-volt drop in the main b. 

Next, we add the 1-volt drop in the lateral 
of Section 1 to the 4 volts to get a total of 5 
volts drop from the feed point to the end of 
the laterals in Section 1. Since, 100 per 
cent load gives five times the voltage drop, 
we must limit the load we can supply along 
the laterals of Section 1 to 1/5 to meet our 
design requirements of unit voltage drop, 

If we had chosen for our reference 800 
kva of distributed load for 1,000 feet then 
we could have carried only 160 kva on each 
lateral or a total of 320 kva for the two 
laterals of Section 1. If instead we had 
taken the benefit of distributed load in dis- 
tance, the kilovolt-ampere values would be 
cut in one-half while the length of both } 
and the laterals would be doubled. 

The weight/kva of Section 1 load is easily 
obtained by dividing 3/2 times the length 
(Section 1+) by 1/5 the load which gives a 
factor of 7.5 times the value of Section ‘‘O.”” 
There is no need of converting this into 
pounds/kva because one is only interested 
in comparative weights as a measure of 
copper utilization. 

Now suppose dis 1/2 instead of unity then 
the 4 volts become 2 volts to make a total 
of 8. The load then increases in the ratio 
of 5/3 (538 kva), and the weight/kva is the 
reciprocal —5/3 for the same unit or 3 per 
cent voltage drop. 

Suppose again we use larger copper in } 
where most of the voltage drop occurs. 


Ros 0+ X sin @=0.0865 for 4/0 copper 


Dividing this into 0.432 for number 6 gives 
5 which means 1/5 the voltage drop. 
Therefore, 4/5=0.8 volt drop in the main 
plus 1 volt for lateral=1.8. Dividing the 5 
volts for the original case by 1.8=2.78 
320 X 2.78 =890 kva we can now carry from 
the feed point to the ends of the two laterals 
of Section 1, 

Nor do we need to assume uniform condi- 
tions. One branch of Section 1 could be 
twice the length of the other and for the 
same load would give 2 volts drop in the 
larger lateral. In the same density this 
would be twice the load and twice the dis- 
tance making 4 volts. This load also would 
pass through } and would add another 2 
volts for number 6 wire or 0.4 volt for 4/0. 
We would then have 0.8+0.4+4=5.2 volts 
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drop when 300 per cent load was flowing 
through b, 100 per cent on the short lateral 
and 200 per cent on the long lateral. To 
keep within the allowable voltage drop the 
load on the short and long lateral would 
need to be limited in the ratio of 1/5.2 or 
154 kva on the short and 308 kva on the 
long branch, the total being 462 kva. 
Instances of unbalanced loads also may be 
analyzed with the unit system. Sticking to 
our simple pattern of Section ‘‘O”’ and Sec- 
tion 1 we can assume one lateral of Section 1 
is three phase and the other single-phase 
line to neutral. Calculate first the 3-phase 
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drop. Half the load through Section } 
gives 2 volts drop for 3-phase load through 
number 6 wire. Single-phase load line to 
neutral requires the current to flow through 
the neutral doubling the impedance, and 
since we still assume 100 per cent load over 
one phase instead of over three phases we 
have three times the current. So twice the 
impedance and three times the current gives 
six times the voltage drop. This means 6 
volts in the lateral instead of 1 volt and 12 
voltsinthe main b. This 12 volts in main } 
must be added to the 3-phase drop of 2 
volts giving 14 volts in the main. The end 
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of the 3-phase lateral is 15 volts, and, ‘the 
single phase is 20 volts. This is four times 
the voltage drop for balanced 3-phase load 
and means ‘the load must be limited to 1/4 
or 80 kva instead of 320 kva. Obviously no 
one would design such an unbalanced circuit 
for it manifestly fails to utilize the other two 
phases. 

The examples should make clear the pro- 
cedure. Time and labor is saved and I 
think a better understanding of the benefits 
of larger copper and attention to pattérn 
design. Obviously a lot of work is still re- 
quired. 
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URRENT-carrying capacities of 
ACSR conductors are presented in 
nomogram form. One nomogram covers 
several sizes of conductors for ranges of 
wind velocities and ambient temperatures. 
A simpler nomogram applicable to one 
or more particular transmission lines is 
recommended for operating use. 

On most transmission lines the thermal 
rating of the conductors is not the factor 
which limits current under normal opera- 
tion even under conditions of no wind and 
maximum ambient temperatures. Line 
losses, voltage regulation, and stability 
dictate currents below the thermal limit. 
Hence any chart or table giving maximum 
permissible currents for a range of con- 
ductor sizes is primarily for use under ab- 
normal conditions where a line is required 
to carry extra current because of either 
scheduled or unscheduled interruptions on 
other circuits. To be readily useful to an 
operating staff, such tables and charts 
must be simple and the values of current 
presented must be safe for use at any 
time. For these reasons they are usually 
based on the minimum wind speed and 
maximum ambient temperature experi- 
enced in the district concerned, even 
though ambient conditions at any par- 
ticular time may differ sufficiently to make 
the safe value of current 50 per cent larger 
than that shown by the table. 

Figure 1 indicates values suggested by 
various investigators for use in their coun- 
tries. Conditions differ of course, but the 
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conservatism of those responsible for the 
suggestions probably differs even more. 
The problem of making satisfactory joints 
in the earlier transmission lines may also 
have influenced these suggested values. 
Modern joints, however, when well 
made, are reliable and need not be treated 
more conservatively than the rest of the 
line. 

Most of the published work on this 
subject has concentrated on a more pre- 
cise establishment of the limiting condi- 
tions of wind and temperature. The 
mathematical equations used!* are far 
more precise than the knowledge of the 
variables warrants. In this paper some 
of this unwarranted precision is sacrificed 
in favour of a simplified presentation to 
enable advantage to be taken of the wind 
and ambient temperature prevailing at 
the time extra capacity is required. 

Consider briefly the variables involved: 


Ambient Temperature T 


Ambient temperature is probably 
known more accurately than any other 
variable. Some care must be taken to 
ensure that the highest ambient anywhere 
along the transmission line is used. If 
one value is to be chosen which will be 
safe at all times it must be at least 40 
degrees centigrade in this area. 


Conductor Temperature T, 


Permissible conductor temperature is 
really a function of time, as pointed out 
for copper conductors by Olmsted.! For 
aluminum conductors operating up to 80 
degrees centigrade, annealing time is long 
enough to be considered infinite and above 
120 degrees centigrade is short enough 
to be considered zero. Between these 
limits annealing times have not yet been 
completely determined. A value of 80 
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degrees centigrade may be chosen as safe 
for present purposes. 


Time 


In addition to the influence of time al- 
ready mentioned, a conductor requires 
some time to reach equilibrium tempera- 
ture after a given current increase. This 
factor would allow larger currents to be 
used for short periods but will be neg- 
lected in the following presentation. 


Emissivity E 

Various values of emissivity from 0,22 
to 1.0 are quoted for the range from new 
to blackened conductors.* Used conduc- 
tors measured in the Hydro-Electric 
Power Commission’s Laboratory had 
emissivities ranging from 0.5 to 0.8. A 
value of 0.6 is considered to be reasonable 
and will be used. New conductors should 
reach this value after about a year’s ex- 
posure. 


Solar Absorption Coefficient a 


The coefficient of solar absorption is 
not necessarily the same as emissivity ex- 
cept for black conductors and may vary 
from 0.6 to 1.0. A value of 0.8 will be 


RECOMMENDED CURRENT CARRYING CAPACITY 
OF 336.4 MCM ACSR. 
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Figure 1. Walues of current-carrying capacity 

of 336,400 circular mil ACSR recommended 

for general use by various investigators in the 

countries named. For the value to the left see 
text 
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Figure 2. Nomogram of current-carrying capacity of several sizes of i surface. However, as shown by Crabb 


ACSR conductors. 
include a safety factor of 2.5. 
type hardware 


used because if for a particular conductor 
it should be larger than this, then the 
emissivity would be larger than the as- 
sumed value of 0.6. 


Wind Speed V 


The effect of wind on the current-carry- 
ing capacity of the conductor is large and 
in practice it is the least accurately 
ven with 
the use of a wind tunnel in the Labora- 
tory, the accurate determination of the 
effect of this variable is extremely dif- 


known of all the variables, 


ficult, particularly at the higher wind 
Hutchings and Parr? have made 
measurements at 


speeds, 
many wind velocities 
from one-half to two miles per hour, but 
extrapolation of their values to speeds up 
to 30 miles per hour would hardly be 
justified, The use of theoretical equa- 
tions based on surface temperatures of 
smooth conductors also is doubtful, since 
the controlling factor is the internal tem- 
perature of stranded conductors, 

One of the authors had available the 
results of extensive tests conducted in the 
Donetz basin in Russia where winds are 
plentiful even up to 50 miles an hour, 
Current was passed through a section of 
line two miles long and measurements of 
temperature and wind velocity were con- 
ducted in the center span, 600 feet long. 
Ambient temperature and wind velocity 
were measured at five locations along the 
measured span at about 83-minute inter- 
vals during tests, ‘Temperature measure- 
ments were made with thermocouples 
embedded under the outer layer of alu. 
minum, a@ special measurement platform 
being used near the center of the span. 
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Wind speed values shown are observed values and 
No reduction has been made for ferrous- 


Five different sizes of ACSR conductors 
were tested over a period of two years. 
Considerable reliance has been placed on 
these results since no other comparable 
tests are known. 

Tests are conducted with, and equa- 
tions assume that winds are at right an- 
gles to the conductors; in practice, how- 
ever, this may not be so, Shielding of 
trees and valleys may reduce 
the effective wind somewhat from meas- 
ured or observed values. For these rea- 
sons, values of 40 per cent of the ob- 
served values, as suggested by Olmsted,! 
used the equations used for 
plotting the nomograms. Since wind 
speeds are not generally measured or rec- 


also 


are in 


ognized as readily as temperatures the 
effect of different speeds is given here 
as taken from the Beaufort scale. 

If a value of wind speed which would be 
always safe were based on data taken at 
Hanlan’s Point on Lake Ontario, two 
miles per hour should be chosen, How- 
ever, data over a 23-year period from 
Agincourt, ten miles inland, show that for 
12 per cent of the hours during July, less 
than one mile of wind passes an anemom- 
eter 40 feet above ground. Since this 
wind may be parallel to the line, an ef- 
fective speed of not more than one-half 
mile per hour would have to be chosen to 
be always safe. 


Conductor Hardware 


If such line hardware as suspension 
clamps and vibration dampers are of low- 
loss types, the conductors inside the 
clamps will operate cooler than in open 
air as a result of the additional radiating 


and Sheadel? as well as others, all-ferrous 
clamps may have sufficient magnetic 
losses to raise the temperature of the con- 
ductor within the clamp considerably 
above that in open air. This means that 
on 60-cycle lines such hardware imposes 
very serious limitations to the current- 
carrying capacity. This fact will not be 
considered in the initial presentation but 
will be included later, 

A value of current which would be safe 
at all times in this area, with all factors 
considered would therefore have to be 
based on values: V=1/2, T=40, T,=80, 
E=0.22, a=0.6. For 336,400 circular 
mils this current would be only 270 am- 
peres assuming low-loss hardware (shown 
at left on Figure 1). 


Reduction of Equation 


Starting with the equation of Hutch- 
ings and Parr :? 


Table | 


Range of 
Wind Speed, 
Miles per Hour 


For Use on Land, Based on Ob- 
servations Made at Land Stations 


Less than 1....Calm, smoke rises vertically 
lto3 Direction of wind shown by 
smoke drift, but not by wind 
vanes 
err ene Wind felt on face, leaves rustle; 
ordinary wind vane moved by 
wind 
B LOUUZ Ar story re Leaves and small twigs in con- 
stant motion; wind extends 
light flag 
USiPORLBpercas nate Raises dust and loose paper; 
small branches are moved 
TO fol 28. cates Small trees in leaf begin to sway; 
crested wavelets form on inland 
waters ‘ 
ZO tO BL vins a ciers Large branches in motion, whis- 
tling heard in telegraph wires; 
umbrellas used with difficulty 
B2 tO 8B veneer Whole trees in motion; incon- 
venience felt when walking 
against wind 
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PR+a5S'D =13.8X 10-4( VD) 46+ 
mDES |(0+ T +273) * — (T+ 273)*] 


where 


J=current in amperes 

R=resistance of one centimeter of conductor 
in ohms 

a=solar absorption coefficient 

S’=intensity of solar radiation, watts per 
square centimeter 

D=conductor diameter in centimeters 

V=wind velocity in centimeters per second 

@=temperature rise of conductor, degrees 
centigrade 

E=emissivity of conductor surface 

S=Stefan’s constant, 5.7X10~—' watts per 
square centimeter 

T=ambient temperature, 
grade 


degrees centi- 


a practical simplification can be effected. 
If a limiting conductor temperature of 80 
degrees centigrade be chosen 7+6=80 
and the last term of the equation becomes 


aDES (3534 — (353 —@)*] 


Since this term is always the smaller some 
error can be tolerated in it; hence it may 
be written 


mDES(3 X353*)6 


For a range of 6 from 40 to 100 this as- 
sumption produces an error in this term 
ranging from —11 to +15 per cent but 
the error produced in the value of J is 
always less than 2 per cent. 

When the powers of V and D in the 
first term on the right-hand side are 
checked from the Russian data it is found 
that 0.5 is a better choice than 0.448. 

Assuming a=0.8; S’=90 milliwatts 
per square centimeter; E=0.6; and 
changing V to miles per hour and D to 
inches 


PR=(aV*-5D°-5+- 0.0036) —0.183D 


where a is a constant to be determined 
from experimental data. For ACSR 
conductors 


_ 1.09107 
= Dp). 


R 


with only very small error on a few sizes. 


Figure 4. Per cent current- 
carrying capacity of ACSR 
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From the Russian, English, and American 
data a/0.0036 is chosen as 3.0 


~. I? =3,300(3.0 V®-5D?-5+ D8)a — 
0.166 X 108&D$ 


This is in a form that can be plotted ona 
Nomogram# and this is done in Figure 2. 
Instead of D the nominal conductor sizes 
are shown, the @ scale is marked in ambi- 
ent degrees F, and the V scale is multi- 
plied by 2.5 as previously decided. 

For a particular conductor, say 477,000 
circular mils with D=0.858 this equation 
simplifies to 


J? =2,080(3.24 V°-5+ 1)@—0.105 X 108 


and can be shown on the very simple 
nomogram of Figure 3. 


Influence of Conductor Hardware 


Since very little information was avail- 
able regarding the limitation imposed on 
current-carrying capacity by conductor 
hardware, some tests were conducted by 
the Commission’s Research Division. 
As a high degree of accuracy was not con- 
sidered essential, these tests used natural 
wind on the roof of the Laboratory and 
also a “rough and ready”’ wind tunnel. 
Three sizes of ACSR conductors were 
used, 795,000, 477,000, and 336,400 circu- 
lar mils with a galvanized malleable-iron 
type of suspension clamp having no ar- 
mour over the conductor. The 477,000 
circular mil clamp was eight inches long 
and had a seat diameter of one inch. 

Over a range of wind velocities from 
zero to ten miles per hour and temperature 


o7 08 eh) Ke) ul 
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current-carrying capacity was applicable. 
This information is presented in Figure 4 
with conductor diameter as abscissa. 
However, this curve should not be consid- 
ered as generally applicable; the only 
safe method is to conduct experiments 
covering the particular hardware in ques- 
tion. 

It is obvious that for a particular 
transmission line this factor can be ap- 
plied to any nomogram similar to Figure 
3 by adjusting the current scale by the ap- 
propriate amount. 


Conclusion 


It has been shown that the current- 
carrying capacities of a wide range of 
conductors can be included in one nomo- 
gram, Figure 2. However, since the 
nomogram generally will be used hur- 
riedly under the pressure of abnormal 
operating conditions, it should be as sim- 
ple as possible. Hence the simpler 
nomogram, Figure 3, applicable to only 
one combination of conductor and line 
hardware is recommended for operating 
use. 
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Leonard M. Olmsted (Duquesne Light 
Company, Pittsburgh, Pa.): This paper 
constitutes another valuable addition to the 
growing store of information about the rat- 
ing of overhead lines. Those who under- 
took the subject, seeking to procure addi- 
tional capacity to speed up war production 
some eight to ten years ago, were faced 
with a great scarcity of data relating to the 
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‘then been evaluated. 


mechanical strength of conductors. In our 
early work, we utilized available data as 
fully as possible, then allowed a 20 per cent 
margin of safety to compensate for the sus- 
pected inaccuracies in available data and 
to allow for other limitations which had not 
Every important 
subsequent addition to the literature has 
been reviewed carefully and incorporated 
into the basic data from whiclt we determine 
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per cent margin originally allowed was a 
good choice, as most of the additions to 
basic data otherwise would have required a 
reduction in operating ratings. 

Our efforts have been applied mostly to 
hard-drawn copper conductors, as we have 
no lines which are entirely aluminum cable 
steel-reinforced (ACSR) and it appears that 
the copper portions are somewhat more 
limited in rating than the ACSR of equiva- 
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lent conductivity. During this period, the 
problem of splices and connectors suitable 
for heavy-current operation has been inves- 
tigated and satisfactorily solved. Non- 
magnetic suspension clamps have been 
utilized to eliminate the heating formerly 
caused by magnetic losses. New standards 
have been developed to provide the ground 
clearances required for conductors at higher 
operating temperatures. Last, but not 
least, our knowledge of the problem has 
developed to the point where we can confi- 
dently give higher ratings for emergency 
operation, and modify these ratings for 
seasonal variations in load and atmospheric 
conditions, with reasonable assurance of 
retaining adequate margins of safety 
throughout the economic life of the con- 
ductors. 

As long as we are considering normal 
operation of lines, it appears that proper 
use of annual or seasonal equivalents of 
ambient temperature, conductor tempera- 
ture, wind velocity and sun heating are 
adequate to determine ratings. When we 
set aside a certain portion of the useful life 
to provide for emergency operation at a 
higher rating for a limited number of hours, 
however, then we are permitting a consider- 
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able increase in heating which could cause 
deterioration of joints or dangerous ground 
clearances if the emergency should occur 
during a period of relatively high ambient 
temperature and little or no wind. 
From our experience with the application 
of equations for current capability in moving 
air to an essentially still air condition, we 
are inclined to believe that the only safe 
procedure is to calculate low velocity con- 
ditions both as moving air and as still air. 
We have found it desirable to revert to the 
original test data of Dr. I. Langmuir! and 
Dr. C. W. Rice?:3 to determine the current 
capability of a given conductor under an- 
nual equivalent temperature, wind, and 
sun-heating conditions, then to determine 
the conductor temperature for other atmos- 
pheric combinations by use of the approxi- 
mation J =CD1-%(T,— T))0-5 V0.2 
where D=outside diameter of conductor, 
inches 

T,=conductor temperature, C 

To =air temperature, corrected for sun heat- 
ing, C 

V=wind velocity, feet per second 

C=constant derived from comparison with 
I from more exact determination for 
annual equivalent conditions 


With this method, approximately correct 
results are obtained from “‘still air” if it is 
assumed to have a velocity of 0.0880D°*® 
(Te—T»)® feet per second normal to the 
line conductor. For a given conductor, it 
is convenient to work from a curve such as 
Figure 1, which shows how the “‘still air” 
limit may indicate a lower extreme con- 
ductor temperature than any formula de- 
veloped for moving air. Various test 
points are noted; keeping in mind that 
1.36 miles per hour normal to the conductor’ 
corresponds to 4.93 feet per second of ran- 
dom direction, it appears that the data are 
within reasonable agreement. 

It should be emphasized that the law of 
diminishing returns definitely applies to the 
up-rating of overhead conductors. Prepar- 
ing a circuit for higher capability not only 
may involve a sizable expenditure for 
joints, non-ferrous hardware and improved 
ground clearances, but also paves the way 
for increased energy losses. To a certain 
point, these expenditures are justified, but 
there certainly must be a point where the 
construction of new facilities will be the 
better solution for normal use. In case of 
emergency, however, it is essential that the 
fullest possible use be made of line capa- 
bility to reduce customer interruptions and 
to reduce investment for emergency use 
only. 

For our system, it is believed that an 
emergency rating 50 per cent above the 
normal is desirable, and obtainable without 
excessive expenditure. A typical example 
is a 4/0 hard-drawn copper circuit which 
has been rehabilitated for winter operation 
at 430-amperes normal, 650-amperes one 
hour emergency followed by 23 hours at 
610 amperes, with an expected life of 75 
years. If no margin had been required for 
the high emergency loading, the same cir- 
cuit could have been rated 470 amperes, 
although such loading entails a 20 per cent 
increase in line losses which tend to reduce 
the economic gain. The operating advan- 
tage of the high emergency rating more 
than justifies the small reduction in normal 
rating. 
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Elements of System Capacity 


Requirements 


Cc. W. WATCHORN 


MEMBER AIEE 


HE assigned subject embraces all the 

factors that must be considered in 
the determination and planning of the 
capacity to be provided for an electric 
system, so that the load as a whole will be 
supplied most economically with reason- 
able assurance of continuity of service. 
Such planning requires a determination of 
the level of service reliability, or the risk 
of failure to carry the load, as a measure 
of the assurance of continuity of service. 
This in turn is a basis for decision, not 
only as to the amount of the capacity to 
be provided, but also the manner in which 
it is to be provided. 

The level of service reliability, insofar 
as generating capacity is involved, de- 
pends on the amount of installed ca- 
pacity, the probable load conditions, the 
capacities and pressures of individual 
steam boilers and turbines, the probable 
forced outage rates of the steam turbines 
and boilers, the extent to which they may 
be interconnected steamwise, the main- 
tenance schedules, both as to frequency 
and duration, and also whether on a 1-, 
2-, or 3-shift basis, routine maintenance 
requirements, and the seasonal and miscel- 
laneous capacity reductions. In the 
event hydro capacity is installed or is 
being considered for installation on the 
system, the capacities, probable forced 
outage rates and scheduled maintenance 
requirements of the hydro units, the 
stream flow characteristics, the chronologi- 
cal relationship of the seasonal load varia- 
tions to the stream flow characteristics, 


Paper 51-197, recommended by the AIEE Power 
Generation Committee and approved by the Tech- 
nical Program Committee for presentation at the 
AIEE Summer General Meeting, Toronto, Ont., 
Canada, June 25-29, 1951. Manuscript submitted 
February 8, 1951; made available for printing 
April 30, 1951. 


C. W. WatcuHorn is with the Pennsylvania Water 
& Power Company, Baltimore, Md. 
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the reservoir capacity and scheme of 
operation are additional factors upon 
which the level of service reliability is 
dependent. 

Wide differences in the installed ca- 
pacity required for the same assurance of 
service, or the same level of service relia- 
bility, result from different pressures and 
arrangements of boilers and turbines, 
different sizes of boilers and turbines, dif- 
ferent maintenance schedules and different 
characteristics of seasonal load variations, 
and so forth, all for very nearly the same 
annual peak load conditions. Such re- 
sults demonstrate that the use of some 
fixed percentage reserve requirement, 
applicable to all conditions is unreason- 
able. Probability methods applied to 
generating capacity problems, provide 
much valuable data that are not obtain- 
able in any other way. Such methods 
supply a rational basis for the design of 
the general features of the generating 
facilities so as to provide the desired 
level of over-all system reliability at the 
minimum total over-all system cost. 

Probability methods provide a tool by 
means of which it is possible to calculate 
the risk being taken to carry some given 


Table I. Method of Computing Probabilities 
of Availability of Warious Numbers of a 
Group of Boilers or Turbines 


The probability all or 7 units will be available (the 
first term) 
= qr 
The probability 2—1 units will be available (the 
second term) 
=(n) (the first term) (p/q) 
The probability »—2 units will be available (the 
third term) 
= [(n—1)/2](the second term) (p/q) 
The probability »—3 units will be available (the 
fourth term) 
= [(1—2)/3](the third term)(p/qg), and 
The probability n—4 units will be available (the 
fifth term) 
=[(n—3)/4](the fourth term)(p/g), etc. 
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load with some given installed capacity; 
they do not and cannot provide a guaran- 
tee against forced outages of generating 
facilities nor against failures to carry the 
load. The chance of failure to carry a 
particular load with some given installed 
capacity is the same whether or not prob- 
ability methods have been applied. 
The application of probability methods 
does not prevent the installation of any 
amount of additional capacity that it 
may be desired to provide, but it does 
measure the increase in system reliability 
obtained thereby, thus furnishing a basis 
upon which can be decided whether such 
added capacity is worth its many millions 
of dollars of cost. 

The application of probability methods 
to capacity problems do not involve com- 
plicated mathematics, but rather only 
two very simple principles, that are 
inherent in many games of chance: (1) 
the probability that two or more inde- 
pendent events will happen simultane- 
ously is the product of the probabilities 
that each will happen independently, and 
(2) the probability that some one of two 
or more similar independent events will 
happen is the sum of the probabilities 
that each of such similar events will hap- 
pen independently. Calculations made 
according to these principles are much 
more simple than many others that 
engineers are frequently called upon to 
make. A very large number of arith- 
metical computations may be involved in 
the applications of these principles to 
generating capacity problems, particu- 
larly when many different conditions are 
being studied, Still, the computations 
are basically simple, involving only 


Table Il. Numerical Computation of the 

Probabilities of Availability of Various 

Numbers of Boilers or Turbines of a Group of 
Four Units 


The first term =(0.99)4 =0.9605960 
The second term = 4(0. 9605960) (0.01/0.99) 
=0.0388120 
The third term = (3/2) (0.0388120)(0.01/0.99) 
=0.0005880 
The fourth term = (2/3)(0.0005880) (0.01/0.99) 
=0.0000040 
The fifth term =(1/4)(0.0000040) (0.01/0.99) 
=0.0000000 


1.0000000 
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multiplication and addition, and are 
readily kept in an intelligible order by 
recording the results in a systematic 
manner. Such data relating to any one 
station or group of stations, when once 
determined, are always thereafter avail- 
able for subsequent studies, thus greatly 
reducing the amount of calculation re- 
quired at such time. 


These probability calculations provide 
the means for making one or both of two 
different general types of determinations, 
(1) the level of service reliability of a 
generating system for use as a basis for 
decision regarding provision of additional 
capacity, and (2) the levels of service 
reliability resulting from the installation 
of various alternative facilities as a basis 
for a very accurate determination of the 
relative merits, capacity-wise of such al- 
ternative schemes. Short-cut methods 
may be useful in the first of these determi- 
nations; however, the latter determina- 
tion cannot be made satisfactorily by 
means of any of the generally known 
short-cut methods, consequently the 
longer detailed arithmetical method must 
be used. In view of the very large 
value of the information thus obtained, 
particularly as a factor in the determi- 
nation of the design of the overall most 
economical system, the time and cost of 
making such detailed calculations are 
justified many times over. 

There are many mathematical niceties 
or refinements that are not incorporated 
in the calculations shown herein, since if 
they were included, the number of com- 
putations that would be required to be 
made would be increased several thou- 
sandfold and the differences obtained by 
including them as compared with omitting 
them are relatively small and are of no 
practical significance. 
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General 


There are three principal phases in the 
application of probability methods to 
generating capacity problems, viz., (1) 
the determination of the availability of 
capacity, (2) the determination of the 
loads to be carried, and (3) the combining 
of these two groups of data to determine 
the probability of failure to carry the 
load. 

One element of the first of these phases 
is made available by forced outage data 
on steam turbines and boilers and hydro- 
electric units collected by various com- 
mittees of the Edison Electric Institute 
that have been published by the AIEE, 
under the sponsorship of the AIEE Joint 
Subcommittee on the Application of 
Probability Methods to Power System 
Problems.!| These data show that the 
average forced outage rates, or probabili- 
ties of unavailability, for steam turbines 
and also for steam boilers operating at 
pressures below 1,000 pounds per square 
inch, are 1.0 per cent for all practical pur- 
poses; and for both steam turbines and 
boilers operating at higher pressures, 
about 2.0 per cent. Since these outage 
rate data were collected at a time prior 
to the present general availability of 
equipment operating at the nominal 1,500 
pounds per square inch pressure, the 
forced outage rate data for turbines and 
boilers operating at pressures higher than 
1,000 pounds per square inch is here as- 


Watchorn—Elements of System Capacity Requirements 


SE Bra 50 Ed Bd Ed 50 Eg bo 0 ES Bg Ee Ed [sq 
planned — total 
capacity 2,100 
mw 
oe Ss SCHEME 4 
[109] fio} [io] foo} {100} [ioo} {109} [109 fio} foo} [loo] {roo} 
J 
Figure 2 (right). XA ie ae SaaA ao. 
Various schemes (00) Loe 
for boiler and © QOe® © @ 9 @9 
Secelente lal SCHEME 5 SCHEME 6 
BIEd ments and capac- 
7Te00* ‘ieetundenicons es Sapo feo] eel {109| 120] |i20} {i20| |i20 20] {20} 
A sideration for a 
proposed future 4 
generating _sta- 2 3 5 is py (00) (@0) S6 56 wy 
tion, Station E— 
total eae SCHEME 7 SCHEME 8 
600 mw wit 
900, 1,300, and {20} |i [ed] [2 eo 120} |i20] [eo] fa 120} {i20 fe [ed 
1,500 pounds 
per square inch 


sumed to apply to turbines and boilers 
operating at the nominal 1,300 pounds 
per square inch pressure. For the pur- 
pose of further illustrating the effect of 
forced outage rates on capacity require- 
ments, the probabilities of unavailabili- 
ties of both turbines and boilers operating 
at the nominal 1,500 pounds per square 
inch pressure have here been assumed to 
be 3.0 per cent. These rates are not 
based on actual experience and it should 
be clearly understood that they are not 
intended as predictions of the perfor- 
mance of such high pressure units. If 
higher forced outage rates than these are 
applicable to the reheat cycle for these 
various pressure ranges this is then a 
further factor to be considered in the 
determination of capacity requirements; 
but this particular situation has not been 
used in the subsequent illustrations. 
Since the probability of unavailability 
of a turbine or boiler operating at pres- 
sures below 1,000 pounds per square inch 
is 0.01, and since it is a certainty that the 
unit (either turbine or boiler) will either 
be available or unavailable, the proba- 


_ bility of availability for a turbine or 


boiler operating in this pressure range is 
0.99. 

The two basic principles previously 
stated can now be applied to two turbines 
or two boilers. For example, the proba- 
bility that the two turbines will be avail- 
able at the same time is equal to 0.99 
multiplied by 0.99 or 0.9801; the proba- 
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1.0000000 


bility that one of the two turbines will be 
available at the same time tke other is 
unavailable is equal to twice (since there 
are two ways in which this event can 
happen) 0.99 multiplied by 0.01 or 0.0198, 
and the probability that both turbines 
will be unavailable at the same time is 
equal to 0.01 multiplied by 0.01 or 0.0001. 
The sum of these three amounts is equal 
to unity, since it is a certainty (as indi- 
cated by a probability of 1.0) that the 
units will both be available, one will be 
available with the other unavailable or 
both will be unavailable. Such proba- 
bilities can be numerically determined, 
for any number of units or for any proba- 
bility of outage, from successive terms in 
the binominal expression (q + p)”, where 
“n” is the number of turbines or boilers, 
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“p” the probability of unavailability and 
“q’ the probability of availability. These 
various terms are readily computed from 
the expressions shown in Table I, from 
which, for four turbines or boilers operat- 
ing at pressures below 1,000 pounds per 
square inch, we have the numerical results 
shown in Table II. 

This is all there is to the fundamental 
or basic principles of probability methods 
applicable to generating capacity prob- 
lems. They certainly are neither compli- 
cated nor difficult either to understand or 
to apply. Care must be taken as to the 
details of making the calculations to 
atrange the results in a systematic and 
orderly manner for purposes of control, 
otherwise they would soon become hope- 
lessly confused. 
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Table III, computed in the manner 
shown in Tables I and II, shows the 
probabilities of availability for various 
numbers, from one to 16, of boilers or 
turbines for forced outage rates or proba- 
bilities of unavailability of single units of 
0.01, 0.02, and 0.03. These data provide 
all the basic probability information re- 
quired for most systems. If these data 
are insufficient, or if other outage rates 
are required, the expansions, as shown in 
Tables I and II, are easily made. 


Application 


THE PROBLEM 


The method of applying the foregoing 
developed fundamental principles to 
generating capacity problems can be best 


AIEEE TRANSACTIONS 


| 


Table V. Probability of Availability of Station B 400 Pounds and 800 Pounds Pressure Capacity 
Table V(A). Total Station 400 Pounds Pressure 
Five 25-Mw Boilers _ ree ee ee. 50> Mw Turbines ae ms Summary 
Available 150 100 50 0 Spot lr ed 
aq: ? T = DE a as ee 43 3= > uw 
Capacity Probability 0.9702990 0.0294030 0.0002970 0.000010 Prasudre Capacity 
=, Bea ae rane *F ee Available 
CPE ape eh 0.9509900. . .0.9227447(125 25T)...0.0279620(100) _ . .0.0002824(50) . . .0.0000010(0) : *s 
TOG 3-81 480298...  466032(100 257)...  14122(100) 143(50) Capacity Probability 
EE as.» 9703... 9415( 75 257)... 285( 75 25T)... 3(50) 400 0.8261686 
BORK. 98 95( 50 257)... 3( 50 257) 375...... 417256 
Laas ee \\ 1 1( 25 257) 365...... 673510 
a B50 waa, 271683 
00. 340.10. 55457 
= Sa LL See es ae ol) la ee SOS ee 17969 
Table V(B). 800 Pounds Pressure Turbines 320...... 268593 
Three 80-Mw Turbines One 10-Mw Turbine 315...... 708 
aan ners = B00 sccee. 4132 
vailable 10 0 OG aay 13565 
; poe = : 290 ee 224 
Capacity Probability 09900000 gris 0,0100000 a Sas 3023 
240 vem 0.9702990. . .0.9605960(250 B)..... 0.0097030(240) 275...... 19 
V6O x00 29430 291090(170 B)..... 2940(160) 270...... 8833 
SOna eos 2970 2940( 90 B)..... 30( 80) 260...... 249 
Og ae 10. 10( 10 B) 250...... 15 
eee OVS eae 7 
1.0000000 CPN ee 2714 
——$—_—____— —— — OBB etal 3 
. Dolan 
Table V(C). Total Station 800 Pounds Pressure oe id 
Turbines Seven 40-Mw Boilers 210. = : E j 1 
Available i. -280 PAD a0 160g. . "ase 120 va senses 2 
Capacity Probability 0.9320653 00659036 0.0019971 0.0000336 0.0000004 0 a 9 
| 250, B.,...0.9605960. . .0.8953382(250 25B).. .0.0633067(240) . .0.0019184(200) . . .0,0000323(160) . . .0.0000004(120) es por : 
| 2 97030... 90438(240) X 6395(240) : 194(200) A 3(160) Gee i 
ipi170)|B..... 291090...  271316(170 25B)... 19183(170 25B)... 581(170 25B)... CCG Oyen em mm Ui Secs > = 
| Oa 2940... 2740(160) 194(160) Pep 6(160) 10000000 
OnE. os.. 2940... 2740( 90 25B)... 194( 90 25B)... 6( 90 25B) or pi os 
| Od odes 30. 28( 80) 2( 80) 
| MODES «xs 10 9( 10 25B)... 1( 10 25B) 
Table V(D). Total 400 Pounds and 800 Pounds Pressure Capacity 
Total High Pressure Total Low Pressure 
Available 125/250 100 25T 100" Se Dek 07552555 7 oe Se 25 25T Qs 
Capacity Probability 0.9227447 0.0466032 0.0293742 0.0009700 0.0000098 0.0002970 0.0000001 0.0000010 


250 25B. .0.8953382. .0.8261686(400) . .0.0417256(375) . .0.0262998(350) . .0.0008685(350) . .0.0000088(325) . .0.0002659(300) . .0.0000001 (300) . .0.0000009 (250) 


240 nA 729900. . 673510(365).. 34016(340).. 21441(340). . 708(315). . 7(290).. Lae OO ia er atatatita sats srsreyeveres 1(240) 
200 a 19378. . 17881(325). . 903(300) . . 569(300). . WOT Ba scabies sv ame 6(250) 
- 170 25B.. 291080... 268593 (320) .. 13565 (295). . 8551(270).. 2B20270) ieteamears sta % 3(245).. 86(220) 

160 ae 3276.. 3023(285) . . 153(260). . 96(260). . BOO yer asia tele <i s rla = 1(210) 
120 ae 4 4(245) 

90 25B.. 2940 2713(240).. 137(215).. 86(190).. CHOI, mab arid cmc ewieteyo 1(140) 

80 30 28(205).. 1(180).. 1(180) 

10 25B 10 9(160).. 1(135) 

1.0000000 


illustrated by their application to an actual 
problem. Although the system  con- 
sidered herein for illustrative purposes is 
an all-steam system, the illustration 
could also have been made with respect 
to a combined hydro and steam system. 
The illustrated all-steam system is made 
up of four generating stations, Stations 
A, B, C, and D, with a total capacity of 
2,100,000 kw, shown schematically on 
Figure 1. These four stations will be 
fully developed within the next several 
years, after which a new site will be re- 
quired for additional capacity. The site 
available for the next plant (Station E) 
can be developed for an ultimate capacity 
of 600,000 kw. 

The problem is two-fold, (1) to deter- 
mine the risk or chance of failure to carry 
the load for some future year for various 
designs of the new station when it is 
complete, and (2) to determine the 
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general design layout of this plant for 
maximum over-all system economy which 
overall most economic determination is 
beyond the scope of this paper. Although 
the most economical design of Station E, 
without regard to the system as a whole, 
would possibly be one with large high 
pressure boilers and turbines installed as 
a unit system, possibly with reheat, such 
a plant may not result in the most economi- 
cal design for the system as a whole. If 
the design results in low availability of 
capacity, additional capacity will be re- 
quired to be otherwise provided, at least 
from time to time, to maintain the requi- 
site level of service reliability. The cost 
associated with such additional capacity is 
obviously a charge against the plant de- 
sign; and in some cases, this cost may 
more than offset the greater economies of 
the particular plant when considered by 
itself and without regard to the effect on 
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the system as a whole. The capacity 
effect of the several elements that enter 
into this phase of the problem can be 
evaluated only by means of probability 
methods, as illustrated for eight possible 
design layouts for the future Station E, 
shown on Figure 2. To show further the 
effect of different forced outage rates as 
influenced by station design, the capacity 
requirements are determined for each of 
these layouts with Station E built for 900, 
1,800, and 1,500 pounds per square inch 
pressures. The number of answers is still 
further increased by consideration of 
single and double shift maintenance 
schedules and three characteristics of 
seasonal load variations. 


AVAILABILITY OF CAPACITY 


A first step in the solution of most 
generating capacity problems is the deter- 
mination of the effect of forced outages on 
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Figure 3. 


the probable availability of generating 
capacity. Table IV, which treats of the 
low-pressure capacity of Station A, was 
prepared to show the general manner in 
which such calculations may be made. 
Table IV(A) of this table shows the 
method of computing the probabilities of 
availability of various amounts of the 
boiler capacity. These calculations are 
shown in a form that has been found to be 
most adaptable for accounting for all the 
various combinations under considera- 
tion. The basic probabilities are taken 
from Table III and are shown to the 
right of the capacities for one, two, three, 
and four of the four 30-megawatt (mw) 
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boilers available and below the capacities 
for zero, one and two of the two 15-mw 
boilers available. The probabilities that 
various numbers of the 30-mw boilers will 
be available at the same time that various 
numbers of the 15-mw boilers also will be 
available are the products of the separate 
probabilities-that each’ will be available 
(application of the first basic principle 
previously discussed), Each must be 
multiplied by each value of the probabili- 
ties shown in the column to the left, and 
these products are entered in the compu- 
tation form, as shown, directly below and 
opposite the respective component proba- 
bilities. The next step identifies each of 
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these probabilities with the available 
boiler capacity with which they are 
associated, as shown in parentheses 
directly to the right of the various proba- 
bilities previously computed. Such capac- 
ities are the sum of the two boiler capaci- 
ties that enter into each of the combina- 
tions. 

The computations of the probable 
availability of the low-pressure turbine 
capacity of Station A are similarly made 
as shown in Tables IV(B) and IV(C), the 
results of IV(B) being used in the left 
hand column of Table IV(C). 

Table IV(D) shows the method of com- 
bining the probable availabilities of the 
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boiler and turbine capacities. The proba- 
bilities of availability of the low-pressure 
boiler capacity, shown at the top of this 
table, are obtained from Table IV(A); 
and of the turbine capacity, shown to the 
left of the table, from Table IV(C); but 
only after all the probabilities indicated 
for the same capacities have been added 
(application of the second basic principle 
previously discussed). Again, the com- 
putations of the various probabilities of 
availability of turbine and boiler com- 
binations in Table IV(D) are obtained as 
the products of the component probabili- 
ties at the top and to the left of the table. 
In this case, the boiler and turbine capaci- 
ties are being combined rather than 
boiler capacities alone as in Table IV(A), 
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or turbine capacities alone as in Tables 
IV(B) and IV(C). Therefore, the iden- 
tity of any event for which the probability 
is being computed, that is, the available 
combined boiler and turbine capacity, is 
the smaller of either the available boiler 
or turbine capacities, the probabilities of 
which are used in that particular com- 
bination. In this case there are fairly 
numerous combinations that result in the 
same available combined boiler and tur- 
bine capacity. Again the application of 
the second basic probability principle 
calls for the summation of the probabili- 
ties for the same available capacity, pro- 
ducing the results shown in the summary 
at the right of the table. 

Because each of these calculations re- 
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Figure 4. Probability of availability of total 

system capacity equal to and smaller than the 

amount shown—900, 1,300, and 1,500 pounds 

per square inch pressures for Station E with 
schemes 1 to 8 


quires the multiplication of two series of 
fractions, of which the sum should always 
be equal to unity, it is important as well 
as convenient to check the sum of the 
products, and if necessary to make ad- 
justments to bring the sum to unity. 

Table V is shown to illustrate the treat- 
ment of the 10-mw superposed capacity 
of Station B. These calculations should 
be clear from the above discussion of 
Table IV and reference to the schematic 
diagram of Station B shown on Figure 1. 
It will be noted from Figure 1 that the 
exhaust from this superposed unit is capa- 
ble of producing 25-mw generation at 
400 pounds per square inch pressure. Ac- 
cordingly, Tables V(A) and V(D) indi- 
cate by the designation “25T,” in the 
event identification in parentheses, when 
there is 25 mw more 400 pounds turbine 
capacity than boiler capacity available to 
utilize such exhaust steam, The “B” in 
the parentheses in Tables V(B) and V(C) 
indicates that the superposed unit is 
available, while the designation, ‘‘25B”’ 
in Tables V(C) and V(D) indicates that 
exhaust steam capable of producing 25 
mw at 400 pounds pressure is available 
from the superposed unit. 

The computations of the probabilities 
of availability of various amounts of 
capacity for the other stations of the sys- 
tem and combinations of stations, present 
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Probabilities of Availability of the Combined Capacity of Stations A,B,C, D, andE 


Table VI. iP R 
for Station E with Schemes 2 and 3 at 900 and 1500 Pounds Per Square Inch Pressures, Re- 
spectively 
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and future, are made in the same general 
manner as those shown on Tables IV and 
V, using the proper forced outage rates 
for the various pressures of the different 
stations involved. These calculations be- 
come very long, involving numerous 
multiplications and additions; neverthe- 
less, the effects of different station designs 
on capacity requirements cannot be 
determined by any other method. The 
use of automatic digital computers, that 
are particularly adaptable to making these 
calculations, greatly reduces the time re- 
quired. 

Columns (2) and (4) of Table VI show 
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the probabilities of availability of various 
specific amounts of capacity computed 
for the system made up of Stations A, B, 
C, and D of Figure 1 and Station E of 
Figure 2 at 900 pounds per square inch 
pressure for Scheme 2, and at 1,500 
pounds pressure for Scheme 3, respec- 
tively. Columns (3) and (5) show the 
probabilities of availability of capacity 
equal to and smaller than that shown in 
Column (1). 

The curves of Figures 3 and 4 show 
plots of similar data as Columns (3) and 
(5) of Table VI for the system as computed 
for each of the eight layouts and the three 
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different pressures for Station FE; Figure , 
3 shows the effect of the different pres- 
sures for each of the eight different lay- 
outs and Figure 4 shows the effect of the 
different layouts for the three different 
pressures. These curves are actually 
“stepped”? curves, but are shown as 
smooth curves for convenience in illustra- 
tion. The computations of the probable 
availabilities of various capacities, as 
shown on Table VI and Figures 3 and 4, 
were made to seven decimal places, which 
is adequate for all practical purposes, but 
this results in the lower portion of the 
curves of Figures 3 and 4 ‘“‘falling off” 
rather rapidly as shown by the dash lines 
of Figures 3(A) and (B). If the compu- 
tations were made to more than seven 
decimal places the curves would follow 
closely the general trends shown by the 
solid lines of Figures 3 and 4. 

It will be noted from both Tables IV 
and V that a rather large number of the 
available capacities shown are in steps of 
5mw. Such magnitude of capacity inter- 
val is desirable for the smaller size sys- 
tems and for the initial computations for 
the larger systems. Since the capabili- 
ties of the various boilers and turbines, 
rather than the nominal capacities, should 
be used in the computations for an actual 
system, the capacity intervals quite prob- 
ably would be of various magnitudes. 
These various magnitudes of capacity 
intervals should be retained through 
several combining processes until the 
number of computations required to be 
made become cumbersome. The ca- 
pacity interval may then be increased and 
the probabilities of availability corre- 
sponding to the omitted capacities dis- 
tributed to the capacities retained on a 
proportional basis. A method of making 
this distribution is illustrated by the as- 
sumed example of Table VII, where the 
increased capacity interval is taken to be 
5 mw. A check of the final results of the 
probability of failure to carry the load, 
when the probable availabilities of ca- 
pacity were distributed on this suggested 
basis, showed no practical difference as 
compared with retaining the shorter 
capacity intervals. 


Loaps 


In studies of future capacity require- 
ments the loads can never be known with 
certainty. The usual practice in such 
studies has been to estimate the annual 
peak loads for the future period and then, 
largely ignoring the effect.on the estimates 
of possible seasonal and business varia- 
tions, to determine capacity requirements 
on the basis of an arbitrary reserve for- 
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Figure 5. Probabilities the per cent deviations of the annual energy and 

of the level of the seasonal trend of the averages of the 1-hour inte- 

grated daily peak loads from the level of the long time trend are equal to 

and larger than the amount shown as the result of probable yariations in 
business conditions 


mula. Practice is slowly changing; for 
example, change in seasonal load shapes 
on many systems has made it necessary to 
consider estimated loads for the entire 
year rather than the annual peak alone. 
The reserve requirement formulas for 
some systems give recognition to main- 
tenance, or may even be based on proba- 
bility computations; but still the esti- 
mated loads are treated more or less as a 
certainty. However, since the necessary 
interval between the initial planning and 
the operation of new steam capacity is in 
the order of two to three years, it is desir- 
able that the variability of future esti- 
mated loads be recognized. Also as prob- 
ability methods were further investi- 
gated and applied, such recognition on a 
rational basis has become possible. It is 
here held that the variability of future 
estimated loads is one of the essential 
elements in system capacity requirements. 

An estimate of future loads can be 
broken down into several component 
parts: the long time trend, variations 
from this trend caused by business cycles, 
the seasonal load trend, and variations 
from the normal seasonal load caused by 
weather or other conditions of relatively 
short duration. Two of these compo- 
nents for any system as of some particular 
time might be considered as fixed charac- 
teristics. The long time trend and sea- 
sonal load trend usually change rather 
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possible deviations from the long time 
and seasonal load trends. 
factors, representing the chance that 
loads will vary from relatively certain 
conditions, can be readily handled in a 
probability study by the two simple 
principles previously stated and applied 
to the forced outage data. 

The long time trend of load growth may 
determine when various increments of 
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Figure 7. Probabilities the per cent deviations of the 1-hour and 15- 

minute integrated daily peak loads from the level of the long time trend 

of the seasonal trend of the averages of thé 1-hour integrated daily peak 

loads are equal to and larger than the amount shown as the result of 
probable variations in weather conditions 


capacity are to be added. It may also 
influence the economics of the size of such 
additions. But the trend of growth has 
no influence on the amount of system 
capacity required for an estimated load for 
some particular period, and consequently 
it is not an element to be considered fur- 
ther in this discussion. 

It is then relatively simple to determine 
the experienced frequency of occurrence 
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slowly. For any particular estimate of 


future loads (not too far in the future) 
they can be projected, if properly based on 
past experience, as relatively certain 
conditions that must be provided for. 
The other two components can be based 
on past experience also; but these repre- 
sent the uncertainties of the future—the 
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Figure 6. Seasonal trend of the averages of the 1-hour integrated daily peak loads 
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Figure 8. Duration of the seasonal trend of the averages of the 1-hour integrated daily peak 
loads for the seasonal load trend at the level of the long time trend 


of deviations of various percentage magni- 
tudes from the long time load trend once 
this trend is determined. Such experi- 
enced data, which in general are measures 
of the effects of the relative business 
activities on the annual energy require- 
ments or on the general load level, may 
be illustrated by the dash line of Figure 5, 
shown plotted on probability paper. 
The indications are that such data are 
quite consistent for any one particular 
geographical area but that they may vary 
quite widely for different areas. 

The seasonal load characteristics are 
determined on the basis of the averages 
of the weekday peak loads, over a period 
of recent years, adjusted for the long time 
load trend indicated for the load year for 
which it is desired to study the capacity 
requirements. A smooth curve is then 
drawn through the points thus deter- 
mined. The same general analysis may 
also be made for Saturdays and minor 
holidays and for Sundays and major holi- 


days; however, generally these latter 
data are not necessary for capacity 
studies, as shown by the relatively small 
magnitude of the amounts shown in the 
lower portion of the last four columns of 
Table XIII, particularly columns (9) and 
(10). Three such seasonal load variation 
characteristics are shown on Figure 6. 
The annual peak loads of some sections of 
the country may occur in months other 
than December, but if the seasonal curves 
are shifted to adjust for this fact, they 
might still show the general characteris- 
tics of Figure 6. The effect of these dif- 
ferences in characteristics of the seasonal 
load variations on the installed system 
capacity requirements is very marked. 
Load A requires more installed capacity 
to maintain some given level of service 
reliability than either Load B or Load C, 
all other conditions being equal. Simi- 
larly Load Brequires more installed capac- 
ity than Load C in order to meet the 
same requirements as to service reliability. 


Table Vill. Adjustment of the Duration Curve of the Seasonal Trend of Average 1-Hour 
Integrated Peak Loads for Load A for Variations in Weather Conditions 


Days in Per Cent Deviatio 
n 

Mw Load +7'0.5 +9.5 +8.5 
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Note: The quantities shown in parentheses are the loads adjusted for the per- 
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Table IX. Method of Determining’ the | 

Probability that the Deviations of the Daily 1- 

Hour Integrated Peak Loads from the Seasonal! 
Trend Will Be Equal to Various Amounts 


Probability 
Deviation will be 
Per Cent Equal to or Probability 
Deviation Larger than Deviation will be 
from Shown Equal to 
Trend From Figure 7 Amount Shown 
vr 
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The daily peak loads will necessarily 
vary above or below those shown on 
Figure 6, since the values shown thereon 
are obtained as averages. Such varia- 
tions would be the result of deviations in 
weather conditions from those usually 
experienced for the various seasons of the 
year, and also of the differences in the day 
to day habits and activities of the people 
in the geographical area under study. 
These load variations will be referred to 
hereinafter as being the result of varia- 
tions in weather conditions. The fre- 
quency of such variations, on a one-hour 
integrated basis, in percentage of the sea- 
sonal trend values, may be illustrated by 
the dash line curve shown on Figure 7, 
also shown plotted on probability paper. 
These characteristics may also vary quite 
widely for different areas or for different 
seasons in the same area. 

Figure 8 shows the duration curves for 
Loads A, B, and C, based on the normal 
seasonal trend of the averages of the 
daily peak loads as shown on Figure 6. 
These duration data for Load A, adjusted 
for the variations from the average caused 
by variations in weather conditions, as 
illustrated by Figure 7, are shown by the 
solid line curve on Figure 9. This latter 
curve has the familiar general characteris- 
tics expected for an annual duration curve 
of daily peak loads. : 

The manner of making these calcula- 
tions, by application of our two general 
probability principles, is indicated on 
Table VIII. The data to the left of 
Table VIII are on the basis of Load A, as 
shown on Figure 8, for 2,167 mw annual 
peak of the seasonal trend of the averages 
of theiweekday 1-hour integrated peak 
loads, assumed for the year 1958. The 
data at the top of this table are obtained 
from the dash line of Figure 7 as indicated 
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Figure 9. Comparison between the durations of the probable 1-hour integrated daily peak 
loads and the seasonal trend of the averages of the 1-hour integrated daily peak loads—for 
Load A—for the seasonal load trend at the level of the long time trend—for the year 1958 


in Table IX. Since the total of the prob- 
abilities of the various per cent devia- 
tions shown in the calculations indicated 
on Table VIII is equal to unity, as shown 
in Table IX, and the total number of 
days in a year is equal to 365, the total of 
the number of days resulting from the 
calculations also will be equal to 365. 
The days shown computed in Table VIII 
are tallied with respect to the loads shown 
in parentheses and a new load duration 
curve determined which reflects the 
adjustment for variations in weather 


conditions, assuming that the load level 
coincides with the long time trend. 
This is the curve shown by the solid line 
on Figure 9, for Load A for the year 1958. 
The dash line is the same as that for 
Load A of Figure 8, converted to mega- 
watts, also for the year 1958. 

The effect of the variations of business 
conditions on the daily peak loads can be 
derived from the deviations of the annual 
energy requirements from the long-time 
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trend, which latter relationship is shown 
by the dash line of Figure 5. A study of 
the relationship of the peaks to the an- 
nual energy requirements reveals that if 
the deviation of energy from the long- 
time trend is positive, the annual load 
factor is larger than when the deviation is 
zero, and vice versa, when the deviation 
is negative the annual load factor is 
smaller than when the deviation is zero. 
This characteristic results in the percent- 
age deviations of the peak loads being 
smaller, as shown by the solid line curve 
of Figure 5, than the corresponding per- 
centage deviations of the annual energy 
requirements. This characteristic also 
varies quite widely for different systems. 

The variations in the daily peak loads 
that result from the combined effect of 
variations in both business and weather 
conditions aré determined next. This is 
accomplished by combining the proba- 
bility data for the effect of business condi- 
tions, shown by the solid line curve of 
Figure 5, with the corresponding data for 
the effect of weather conditions, shown by 
the dash line curve of Figure 7. This 
combining process, again by the applica- 
tion of the two basic probability prin- 
ciples previously described, is indicated 
on Table X. The accumulated values of 
the probabilities computed in the manner 
shown in Table X, or the probability that 
the percentage deviations of the one-hour 
integrated daily peak loads will be equal 
to or larger than the amount shown, are 
shown by the dash line curve of Figure 10. 

These data of Figure 10 are of particu- 
lar interest and importance in the deter- 
mination of the system capacity require- 
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Figure 10. Probabilities the per cent deviations of the 1-hour and 15- 


minute integrated daily peak loads from the level of the long time trend 10 

of the seasonal trend of the averages of the 1-hour integrated daily peak 

loads are equal to and larger than the amount shown as the result of 
probable variations in both business and weather conditions 
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Table X. Determination of Probabilities of Various Magnitudes of Deviation of Daily Peak 
Loads from the Trend Resulting from the Combined Effect of Variations in Business and Weather 
Conditions 


Variations in 
Business Conditions 


Variations in Weather Conditions 


Per Cent ae Ti10 +9.5 SS 
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amounts immediately to the left are the probabilities. 
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Figure 12. Comparison of the duration of the adjusted seasonal trend of the averages of the 1- 


hour integrated daily peak loads for the seasonal 


trend at the level of the long time trend for the 


year 1958, with one shift maintenance and for Station E with schemes 2,5, and 6 and Schemes 3 


and 


ments. Because of the magnitude of the 
undertaking in providing additional sys- 
tem capacity, two or three years, and 
sometimes even longer periods are re- 
quired for its design and installation. It 
is obviously impossible to make reliable 
forecasts of either the business or weather 
conditions so far in advance, and conse- 
quently, of the resulting peak load require- 
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ments, over such long periods in advance. 
This situation is exactly what should be 
expected from the nature of the many 
factors that determine daily peak loads; 
and there should be no disappointment 
because of inability to forecast them 
more closely, 

If we define the future annual peak load 
in probability terms, as for example, the 
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ments 
Nominal 
Pressure 
Pounds 
Per Maintenance Schedule 
Square Equip- Duration Shifts 
Inch ment Interval Single Double 
SOO cree ars Turbines. .6 years..4 weeks.. 2 weeks 
Boilers ..l year ..1 week .. 4-days 
400..... Turbines. .5 years..4 weeks.. 2 weeks 
Boilers ..l year ..2 weeks.. 1 week 
600 Ssh Turbines. .4 years..4 weeks.. 2 weeks 
Boilers ..l year ..3 weeks..11 days 
800 sae Turbines. .3 years..5 weeks..18 days 
Boilers ..l year ..3 weeks..11 days 
900, 
1,300...Turbines. .3 years. .6 weeks.. 3 weeks 
and 
1,500...Boilers ..l year ..4 weeks.. 2 weeks 
Table XII. Occurrence and Duration of the 


Averages of the 1-Hour Integrated Daily 

Peak Loads for the Year 1958 for Loads A, B, 

and C Adjusted for Seasonal Capacity Reduc- 

tions and Scheduled Maintenance Reductions 

for One Shift Maintenance for Stations A, B, 
C, D, and E for Scheme 2 for Station E 


qd) 2) (3)  @) (5) (6) (7) 
Number of Days 
the Adjusted 
Load is in the Number of Days 
Load Bands up to the Adjusted 
10 Mw Greater Load is Equal to 
than the Load and Larger than 
Shown in the Load Shown 
Column (1) in Column (1) 
Load, Load 
Mw A B Cc A B Cc 
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load that is likely to be equaled or ex- 
ceeded at the average rate of one day per 
year, we have a concept that recognizes 
the true character of the uncertainty of 
occurrence of any specific value of annual 
peak load in a future year. This quan- 
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Figure 13. Comparison of the duration of the adjusted seasonal trend of the averages of the 1- 
hour integrated daily peak loads for the seasonal trend at the level of the long time trend for the 
year 1958, with one and two shift maintenance and for Station E with Schemes 2, 5, and 6 


tity is calculated in the same manner as 
that indicated on Table VIII by sub- 
stituting for the data shown thereon, ob- 
tained from the dash line curve of Figure 
7, which shows the effect of variations of 

_weather conditions only, the data from 
the dash line curve of Figure 10, as com- 
puted in Table X, for the combined effect 
of variations in both business and weather 
conditions. Such computations, when 
plotted, result in the right-hand group of 
curves of Figure 11, which are based on 
the annual peak of the seasonal trend of 
the averages of the weekday peak loads 
for the year 1958 of 2,167 mw. These 
computations resulted in probable 1-hour 
integrated annual peak loads, defined as 
above, as the 1-hour integrated peak load 
that would be equaled or exceeded at the 
average rate of one day per year, of 2,383 
mw for Load A, 2,367 for Load B, and of 
2,363 mw for Load C. 

If it is desired to risk a forecast of some 
definite load level as of two to three years 
in advance, the most probable 1-hour inte- 
grated annual peak load would be different 
from that determined above, since the 
effect of variations in business conditions 
would be eliminated and such conditions 
would be treated as a certainty. If we 
assume such future load level to be that 
corresponding to the long time load 
trend, the probable 1-hour integrated 
trend annual peak load, defined as sug- 
gested above, would be as obtained 
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directly from the computations indicated 
on Table VIII and as shown by the left- 
hand group of curves of Figure 11. These 
computations result in values of the prob- 
able 1-hour integrated trend annual peak 
loads of 2,257 mw for Load A, and of 
2,251 mw for both Loads B and C for 
these conditions for the year 1958. 


SEASONAL AND MISCELLANEOUS 
CAPACITY REDUCTIONS AND SCHEDULED 
AND ROUTINE MAINTENANCE 
REQUIREMENTS 


It is assumed that the older units of 
Stations A, B, C, and D are subject to 
seasonal capacity reductions with in- 
creased circulating water temperature 
during spring, summer, and fall months, 
reaching a maximum of 60 mw during 
August andj continuing at this value 
through the first part of September and 
then gradually reducing to zero prior to 
the end of the fall season in early Decem- 
ber. Such capacity reductions and those 
resulting from other miscellaneous causes 
as well as the scheduled and routine 
maintenance requirements, should be 
added to the load chronologically. All 
the capacity can then be considered to be 
available for operation and operated 
except for forced outages, thus reducing 
the required computations many-fold 
with a negligible practical effect on the 
final results. 

Table XI shows the scheduled main- 


Watchorn—Elements of System Capacity Requirements 


tenance requirements assumed for all 
conditions other than for weekend main- 
tenance, which latter was ignored since it 
has been found to have no practical 
effect on the system capacity require- 
ments. This maintenance time was 
applied to the boiler and turbine capacity 
of Stations A, B, C, and D and to the 
various schemes for Station E to deter- 
mine the capacity reductions resulting 
therefrom. It should be noted that no 
capacity reductions result from the main- 
tenance of one boiler for the 600 pounds 
and 400 pounds pressure facilities of 
Stations B and D, respectively, and for 
Schemes 2, 5, 6, and 8 for Station E, and 
that a smaller reduction than the boiler 
capacity is experienced for the 400 pounds 
and 800 pounds pressure facilities of 
Station B and the 600 pounds pressure 
facilities of Station C. The maintenance 
reductions were then applied chronologi- 
cally to the three seasonal load trends in 
such a manner as to raise the resulting 
maximum effective load level the mini- 
muim possible amount consistent with the 
maintenance periods required and other 
considerations of a practical nature. 

The solid line curves of Figure 12 show 
the duration curves of the seasonal trends 
of the averages of the 1-hour integrated 
daily peak loads for Loads A and C for 
the year 1958, after adjustment for sea- 
sonal capacity reduction and capacity 
reductions resulting from scheduled main- 
tenance with Schemes 2, 5, and 6 and 
with Schemes 3 and 4 for Station E and 
with one shift maintenance at all plants. 
The solid line curves of Figure 13 show 
the corresponding data for Schemes 2, 5, 
and 6 for Station E with both one and 
two shift maintenance at all plants. The 
dash line curves of these figures show the 
corresponding duration curves of the 
trend of the averages of the 1-hour inte- 
grated daily peak loads corresponding to 
the data shown on Figure 8, without 
adjustment for any capacity reductions. 
Table XII gives these underlying data 
for Scheme 2, as shown by the solid line 
curve of Figure 12, together with the 
number of days during the year 1958 that 
the averages of the adjusted 1-hour inte- 
grated daily peak loads are of various 
magnitudes, within 10-mw intervals. 


COMBINING LOAD AND Capacity DaTA 


The event in which we are ultimately 
interested is the probability of failure to 
carry the load. Failure to carry thé load, 
as used herein, contemplates any situation 
in which it is impossible to perform the 
maintenance as scheduled, no capacity 
available for spinning reserve, or a still 
worse condition resulting from further 
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Figure 15. Probable average frequency of occurrence of failure to carry 
Load B for the year 1958 with one shift maintenance and various total 
amounts of installed system capacity with Scheme 2 for Station E at 900 


pounds per square inch pressure and Scheme 3 at 1,500 pounds per 


Figure 14. Probable average frequency of occurrence of failure to 

carry the load for various levels of the annual peak of the averages of the 

1-hour integrated weekday peak loads for Load B with a total installed 

system capacity of 2,700 mw, one shift maintenance and Scheme 2 for 
Station E at 900 pounds per square inch pressure 


unavailability of capacity that requires a 
reduction in system frequency, voltage 
reductions, actual dropping of various 
amounts of load, or a combination of any 
such emergency measures. Such condi- 
tions occur when the actual available 
capacity, without such emergency meas- 
ures, would be equal to or smaller than 
the load unadjusted for capacity reduc- 
tions. 

The probability of failure to carry the 
load is the sum of the probabilities of the 
occurrence of each of such conditions; it 
may be expressed either as a pure proba- 
bility (which would require that the 
duration data of Table XII and Figures 
12 and 13 be expressed as ratios rather 
than days in the period) or expressed in 
terms of the average number of days of 
failure per year. This latter quantity 
appears to be the more significant to 
most people. This computation can be 
made in either one of two ways. One way 
is to multiply the probabilities of avail- 
ability of specific amounts of capacity, as 
shown by columns (2) and (4) of Table 
VI, by the number of days the corre- 
sponding adjusted load, as shown by 
columns (5), (6), and (7) of Table XII, is 
equal to and greater than such available 
capacity. The other way is to multiply 
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the probabilities of availability of capac- 
ity equal to and smaller than various 
amounts, as shown by columns (3) and 
(5) of Table VI, by the number of days 
that the corresponding adjusted load, as 
shown by columns (2), (3), and (4) of 
Table XII, is within the 10-mw load band 
above the load shown. These two meth- 
ods will result in exactly the same answer. 
The latter is the more convenient because 
of the smaller magnitude of the number of 
days in columns (2), (3), and (4) of Table 
XII as compared with those in columns 
(5), (6), and (7) thereof. Typical com- 
putations are indicated in Table XIII, 
for Scheme 2 at 900 pounds pressure for 
Station E and Loads A and B with one 
shift maintenance at all plants. 

It is necessary to make these computa- 
tions for a number of different magnitudes 
of load (unadjusted for variations in 
business and weather conditions) to pro- 
vide a basis for subsequent calculations 
that allow for the effect on the capacity 
requirements of the load variations that 
result from changing business and weather 
conditions. The calculations indicated 
in Table XIII are for annual peaks of the 
trend of the averages of the 1-hour inte- 
grated week-day peak loads of 2,307 mw 
and 2,707 mw. Other similar calcula- 
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square inch pressure 


tions were made at 100-mw intervals; 
smaller systems would require smaller 
steps and larger systems might permit the 
use of larger steps. These calculations 
were made for the different magnitudes of 
the annual peaks of the trend of the aver- 
ages of the l-hour integrated weekday 
peak loads without any modifications of 
the adjusted seasonal trend of the aver- 
ages of the daily peak load data, such as 
might actually be the case for loads that 
might deviate from the long time load 
trend. The data in Table XIII, corre- 
sponding to columns (2) and (3) of Table 
XII, were shifted in Table XIII, as 
shown by columns (3) and (5), and (4) 
and (6), respectively, thereof, relative to 
the probable availabilities of capacity 
data corresponding to column (3) of 
Table VI as shown in column (2) of 
Table XIII; vertically downward to 
allow for assumed smaller loads and 
upward to allow for larger loads. 

The probable average number of days 
of failure per year, computed for Load B 
in columns (8) and (10) of Table XIII 
are plotted on Figure 14. The curve of 
Figure 14 was drawn through these points 
and others similarly computed. The 
dash line of the lower portion of the curve 
was that actually computed while the 
solid line portion of the curve in this 
lower-range of probability is a projection 
or extrapolation of the upper part of the 
curve. This lower solid line portion of 
the curve is more nearly correct than the 
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‘Table XIII. 


Determination of the Average Number of Days Per Year of Failure to Carry the 


Load with Respect to Various Levels of the Seasonal Trend of the Averages of the 1-Hour 
priearated Weekday Peak Loads with Scheme 2 for Station E at 900 Pounds Pressure and 
One Shift System Maintenance Schedule for Loads A and B 


(1) (2) (3) @ G6) 


(6) (7) (8) (9) (10) 


Number of Days the 
Adjusted Load is in 


the Load Band up to 

10 mw Greater than 

(4 the Load Shown in 
Column (1) 


Average Number of Days of Failure to 
Carry the Load Within Load Bands up to 10 
mw Greater than the Load Shown in 
Column (1) 


Mw Annual Peak of the Trend of the Averages of the 1-Hour In- 


Probability of 


tegrated Weekday Peak Loads 


Availability of 
Available Capacity Equal to so 2107 " Zi anes 
Capacity and Smaller than Load 
and Load, the Amount Shown 
Mw in Column (1) A B A B A B A B 
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dash line portion, which is the result of 
computations of probabilities limited to 
seven decimal places. This characteris- 
tic was previously discussed with respect 
to Figures 3(A) and (B). It is of no 
practical consequence, as will be seen 
later from the computations of Table 
XIV. The actual curve of Figure 14 is a 
series of small scalloped segments con- 
caved downward. However, a smooth 
curve drawn through a sufficiently large 
number of computed points is satisfac- 
tory for all practical purposes. 


ADJUSTMENT FOR PROBABLE LOAD 
VARIATIONS 


The next and last step in the calcula- 
tions is to incorporate the effect of the 
load variations that result from changes 
in both business and weather conditions. 
The method of incorporating the effects 
of these factors in the calculations is 
shown in Table XIV. These calculations 
are carried through for the data of Figure 
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14 by combining them with the load 
probability data previously derived in 
Table X, and as shown by the dash line 
curve of Figure 10. Since these load 
data are on a 1-hour integrated basis and 
it is desired to make the computations 
on a 15-minute integrated basis, 1.5 per 
cent was added to the per cent deviations 
computed in| Table X, resulting in the 
solid line curve of Figure 10. Table XIV, 
like Table XIII and several of the earlier 
computations, is calculated by applying 
the same two basic probability principles 
applicable to generating capacity prob- 
lems. The event in this latter calcula- 
tion is the probability of failure to carry 
the load when adjusted for variation in 
both business and weather conditions, 
for the year 1958 for which the annual 
peak of the seasonal trend of the aver- 
ages of the one-hour integrated weekday 
peak loads, taken as 100 per cent load or 
zero deviation in the calculations, is 2,167 
mw as shown in Table XIV. The result 
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thus obtained for these conditions for 
Load B and a total installed capacity of 
2,700 mw, with one shift maintenance at 
all plants and with Scheme 2 for Station E 
at 900 pounds per square inch pressure, 
is a chance of failure to carry the load at 
the average rate of 0.01794 day per year, 
or a failure to carry the load at the average 
rate of one day in 55.7 (1/0.01794) years. 
The results, similarly computed for all 
the other conditions studied with a total 
installed capacity of 2,700 mw for the 
same magnitude as above of the long time 
load trend for Loads A, B, and C, with 
one and two shift maintenance, Schemes 
1 to 8, inclusive, for Station E at 900 
pounds, 1,300 pounds, and 1,500 pounds 
per square inch pressures, are tabulated in 
Table XV in order of preference of various 
schemes for Lead B with one shift main- 
tenance. It will be noted from this table 
that even though there is the same total 
amount of installed capacity and even 
though the annual peaks of the trends of 
the averages of the 1-hour integrated 
weekday peak loads are the same for all 
cases, the risk or chance of failure to carry 
the load varies from an average rate of 
more than one day per year to a rate 
smaller than one day in 130 years. This 
variation is the composite effect of the 
differences in the characteristics of Loads 
A, B, and C, one or two shift maintenance, 
arrangement of the boilers and turbines of 
Station E, whether or not there is extra 
boiler capacity therein, and the pressure 
thereof. 
EQUIVALENT CAPACITY OF VARIOUS 
SCHEMES FOR STATION E 


It is believed that a reasonable and ade- 
quate degree of reliability is provided 
with an objective risk of failure to carry 
the load at the average rate of one day in 
10 years, or 0.1 day per year, provided the 
effect of all the factors affecting capacity 
requirements are evaluated as shown 
herein. The conditions for which the risk 
of failure to carry the load is smaller than 
this rate are shown to the right and above 
the stepped line on Table XV while those 
for which the risk is larger are shown to 
the left and below this line. This means 
that less capacity than 2,700 mw is re- 
quired for reliable service on this assumed 
system for the conditions to the right and 
above this line, and more capacity for 
those conditions to the left and below. 

The determination of the differences in 
the equivalent capacities provided by 
various schemes for Station E is made by 
assuming one and two less and more units 
installed in Station E and repeating the 
calculations through Table XIV for the 
various conditions. The results of such 
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Table XIV. Determination of the Average Number of Days per Year of Failure to Carry the 


Load, Including the 
Station E at 900 Pounds Pressure and One Shift System Maintenance 


Effect of Variations in Business and Weather Conditions, with Scheme 2 for 
Schedule for Load B 


(1) 


(2) 


Annual Peak of the 
Trend of the Averages 
of the 15-Minute 
Integrated Weekday 
Peak Loads for Various 
Load Levels of the 


G) 


Probability of D 


as Shown in Column (1), 
of Daily Peak Loads from 


the Trend, that 


Result of the Combined 
Effect of Variations in 
Business and Weather 


(4) 


Average Number of Days 


eviation, 


are the 


per Year of Failure 
to Carry the Load With 
Respect to Annual Peaks, 
as Shown in Column (2), 
of the Trend of the 
Averages of the 
15-Minute Integrated 


(5) 


Average Number of Days 
per Year of Failure to 
Carry the Load, Includ- 
ing the Effect of Vari- 
ations in Business and 


Seasonal Load Trend Conditions Weekday Peak Loads Weather Conditions 

Per Cent 
Deviation 
fronrtong 
Time Load 

Trend Mw Table X (2) and Fig. 14 (3) X (4) 
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Table XV. Number of Years for Which Failures to Carry the Load Will Occur at the Average 
Rate of One Day for the Long Time Load Trend Load for the Year 1958 for Loads A,B, and C, 
Including the Effect of Variations in Business and Weather Conditions, for Warious Schemes and 
Pressures for Station E with One and Two Shift System Maintenance Schedules and a Total 
Installed System Capacity of 2,700 Mw 


Station E 
Nominal Load 
Pressure = 
in Pounds A B 
per Square Number of Scheduled Maintenance Shifts 
Line Scheme Inch 1 2 1 2 1 2 
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computations are shown plotted on Figure. 


15 for Scheme 2 for Station E at 900 
pounds per square inch pressure and 
Scheme 3 at 1,500 pounds, both for Load 
B and one shift maintenance. These 
curves show that for the above stated 
objective level of service reliability (that 
is, one day of failure in 10 years) 2,632 mw 
total installed capacity is required with 


Scheme 2 for Station E and 2,742 mw for 


Scheme 3. Thus an increase of 110 mw 
in the equivalent capacity for Station E 
with Scheme 2 as compared with Scheme 
3 results solely from the different designs 
assumed for those two schemes, including 
the difference in pressures. Such a dif- 
ference is quite impressive and important, 
and points up one of the often overlooked 
effects of recent trends in the design of 
modern steam power plants. (In this 
connection it should be recalled that the 
forced outage rates for 1,500 pound pres- 
sure units are assumed rather than experi- 
enced.) 


Table XVI shows results of similar 
computations for all the other conditions 
studied, also in order of preference of 
various schemes with Load B and one 
shift maintenance as for Table XV. The 
differences in the equivalent capacities of 
the various schemes for Station FE, as 
compared with the most reliable scheme 
for each of the load characteristics and 
maintenance schedules, are shown to be 
very substantial for many conditions. 
The differences shown in the right-hand 
portion of Table XVI show only the dif- 
ferences resulting from changes in Station 
E (i.e., are limited to the capacity differ- 
ences in a single column). Even greater 
differences exist when comparison is 
made among the results in the several 
columns. A maximum difference of 280 
mw is indicated between the total re- 
quired installed capacity shown in line 24 
for Station E at 1,500 pounds per square 
inch pressure with Scheme 7 for Load A 
and one shift maintenance and that 
shown in line 1 for Station E at 900 
pounds per square inch pressure with 
Scheme 5 for Load C and two shift 
maintenance. Such differences as these 
in the installed capacity requirements for 
different conditions, whether large or 
small, could not be revealed other than 
by a proper application of probability 
methods. 

The differences in the equivalent capaci- 
ties of the various schemes for Station E, 
as shown to the right of Table XVI, 
would be reduced for a level of service 
reliability lower than a chance of failure 
to carry the load at the average rate of 
one day in 10 years, and would be in- 
creased for higher objective levels of 
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Table XVI. 


Total Installed Capacity Required to Maintain a Level of Service Reliability of a Risk or Chance of Failure to Carry the Load at 


the Average Rate of One Day in 10 Years and the Resulting Difference in the Equivalent Capacity of Station E Both for the Long Time Load 
Trend Load for the Year 1958 for Loads A, B, and C, Including the Effect of Variations in Business and Weather Conditions, for Various Schemes 
and Pressures for Station E and One and Two Shift System Maintenance Scheduies 


Total Required Installed Capacity 


Difference in Equivalent Capacity of Station E 
for Various Schemes and Pressures 


Load 
Station E 
ii Nominal B Cc A B Cc 
\ Pressure 
in Pounds Number of Scheduled Maintenance Shifts 
Per Square ——— - 
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reliability. This characteristic is shown 
by the two curves of Figure 15, which 
converge for decreasing levels of service 
reliability and diverge for increasing levels. 
Such differences vary both as to mega- 
watt and percentage amount for the vari- 
ous schemes and conditions. These dif- 
ferences would be increased slightly if the 
adjustment for variations in business 
conditions were omitted from the calcula- 
tions and also for smaller loads than those 
assumed herein. 

Figure 15 shows that the installed 
capacity requirements decrease with a 
reduction in the objective level of service 
reliability and increase for higher levels, 
so that for the conditions assumed herein, 
the installed capacity requirements would 
be reduced varying amounts, depending 
primarily on the layout and pressure as- 
‘sumed for Station E. The decrease would 
be about 25 mw to 45 mw for a reduction 
in the objective level of service reliability 
by half to a chance of failure to carry the 
load at the average rate of one day in five 
years; and the increase would be about 
65 mw to 105 mw for a five-fold increase 
in the objective level of service reliability 
to a chance of failure to carry the load at 
the average rate of one day in 50 years. 

The inclusion of the adjustment for the 
effect of variations in business conditions 
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increased the installed capacity require- 
ments for the conditions illustrated herein 
by about 5 per cent. Other system con- 
ditions would show an increase in the 
capacity requirements of a _ different 
amount. For example, if we consider a 
generating system made up of only Sta- 
tions A and E, and an annual peak of 
averages of the l-hour integrated week- 
day peak loads of 825 mw, adjustment for 
the effect of variations in business condi- 
tions of the same percentage amounts as 
shown in Figure 5, increased the installed 
capacity requirements only 3 per cent. 


Installed Reserve 


A generally standard practice that has 
developed over many years is to consider 
or measure the adequacy of both the 
planned and available installed capacity 
in terms of a percentage “‘reserve.”’ The 
reserve requirement is usually stated as 
the percentage the excess of the effective 
rating or capability of the installed capac- 
ity (without reduction for scheduled and 
routine maintenance or miscellaneous and 
seasonal capacity reductions) over the 
“expected’”’ or forecast one-hour inte- 
grated annual peak load, is of such load. 

Because load forecasts made two to 
three years in advance are subject to con- 
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siderable uncertainty, one factor in the 
consideration of an adequate allowance 
for installed reserve requirements is the 
load forecasting error. Then, if some per- 
centage of reserve requirement is set for 
design purposes, and a large positive load 
forecasting error occurs, the actual avail- 
able reserve will be considerably reduced 
as compared with the objective require- 
ment. Such a situation might be inter- 
preted as an indication that inadequate 
capacity was provided, even though a 
portion of the capacity was provided for 
just such a contingency; such an inter- 
pretation is illogical, and often confusing 
and difficult both to explain satisfactorily 
and to understand. 

One very important objection to the 
use of a percentage reserve requirement is 
the resultant tendency to compare the 
relative adequacy of the reserve pro- 
vided for different systems on the basis of 
the loads experienced during the one 
maximum peak load hour of the year, 
without regard to the capacity situation 
during other periods of the year when it 
may be equally “tight” or even more 
“tight” than for the annual peak load 
hour and also different for different sys- 
tems. The widely different degrees of 
over-all system reliability for the same 
total installed capacity and the same 
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general level of peak loads, shown by the 
results of Table XV for the different con- 
ditions considered thereon, demonstrate 
the inapplicability of percentage com- 
parisons as a measure of the relative ade- 
quacy of the reserve. These widely 
different degrees of system reliability for 
various conditions were obtained with 
very nearly the same percentage reserve 
capacity (as defined above) being 13.3 
per cent for Load A, 14.1 per cent for 
Load B, and 14.3 per cent for Load C. 

Table XVI provides the basis for 
determining the wide range in the reserve 
requirements for these various conditions 
in order to maintain the level of service 
reliability constant at the average rate of 
failure to carry the load of one day in 10 
years. This reserve requirement (as de- 
fined above) varies from about 9.5 per 
cent with Schemes 2, 5, and 6 for Station 
E at 900 pounds per square inch pressure 
with Load C and two shift maintenance 
to about 20.5 per cent for Scheme 7, and 
19 per cent with Scheme 3 for Station E, 
both at 1,500 pounds per square inch 
pressure with Load A and one shift 
maintenance. 

This characteristic of a widely varying 
percentage reserve requirement is still 
further emphasized if we consider a 
generating system made up of only Sta- 
tions A and E, as previously considered, 
again with an annual peak of the averages 
of the 1-hour integrated weekday peak 


load of 825 mw, for which the probable 1- 
hour integrated annual peak load for 
Load A is 908 mw and for Load C is 900 
mw. 

With Scheme 2 for Station E at 900 
pounds per square inch pressure, with 
Load C and two shift maintenance, about 
15.5 per cent “reserve” is required to 
maintain the desired level of service 
reliability of a chance of failure to carry 
the load at the average rate of one day in 
10 years. About 44.5 per cent is re- 
quired with Scheme 3 for Station E at 
1,500 pounds per square inch pressure 
with Load A and one shift maintenance. 
Based on these results there is a serious 
question as to the significance of a so- 
called system reserve expressed either in 
percentage or absolute amount, as a 
measure of either the absolute or relative 
adequacy of the capacity provided. 


Conclusion 


The foregoing discussion and results 
demonstrate that the complex composite 
effect of all the factors that affect system 
capacity requirements can be evaluated 
by the use of two simple basic probability 
principles applied arithmetically. The 
results also show wide differences in the 
capacity requirements for various condi- 
tions; it is believed that these differences 
can be evaluated in no other way than by 
the application of probability methods. 


Discussion 


F. J. Maginniss (General Electric Company, 
Schenectady, N.Y.): Mr. Watchorn’s stim- 
ulating paper is a very real advance in the 
application of statistical methods to system 
and generation outage problems. We feel 
sure that this approach will be more appre- 
ciated by system engineers as its application 
becomes better understood, and that it will 
be extended to cover not only problems of a 
single system but also to determine the re- 
liability and economic justification of 
various system interconnections as well as 
the optimum economic operating conditions 
under any given load distribution. 

It, is almost self-evident that the prob- 
ability method of determining system re- 
liability becomes itself more reliable as the 
size of the system (or number of units in- 
volved) becomes larger and larger. In this 
connection it has seemed worthwhile to us to 
make some quite idealized calculations to 
determine the increased reliability of several 
of the schemes for station E, as described in 
the paper, extended to larger systems than 
the one in the paper. In addition we have 
tried to apply some relative cost figures to 
the various schemes in order to arrive at a 
“cost of reliability’? comparison. 

The four schemes to be discussed are 
schemes 1, 3, 5, and 7, of the paper. A 
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system is assumed to consist of a number of 
600,000-kw stations, each of identicalarrange- 
ment. Thus there is one system made up of 
600,000-kw stations with twelve 50,000-kw 
boilers and six 100,000-kw turbines on a com- 
mon header as in scheme 1; another system 
of 600,000-kw stations, each of which con- 
tains six 100,000-kw boiler and turbine units 
as in scheme 3; et cetera. A further ideali- 
zation is made in that for purposes of com- 
parison a 1 per cent forced outage rate is as- 
sumed for each boiler and for each turbine. 
No recognition is made of any of the many 
other variables involved, such as load varia- 
tions, steam pressure, system interconnec- 
tion, or others. 

The results of the calculation are shown 
in Figure 1 of this discussion. The ordinate 
of this figure gives the per cent of total sys- 
tem capacity which can be assumed to be 
available on all except one day in 10 years. 
Scheme 5, which incorporates an extra 
100,000-kw boiler, is seen to be most re- 
liable, whereas scheme 7, consisting of five 
120,000-kw boilers and four 150,000-kw tur- 
bines on a common header, is least reliable. 
The gain resulting from the use of small 
units is evident from the position of the 
curve for scheme 1. 

In order to give some indication of the 
economic justification of each of these 
schemes, approximate station cost figures 
have been applied to each of the schemes 


Watchorn—Elements of System Capacity Requirements 


Such results are important in the deter- 
mination of the over-all most economical 
design of generating capacity arrange- 
ment and pressure and the most economi- 
cal co-ordination of capacity planning 
with operating practices and policies. 

In general, the most reliable system 
conditions or the smallest amount of 
capacity required to be installed in order 
to maintain some given level of service 
reliability is with the lower pressures, the 
smaller size boilers and turbines, extra 
boiler capacity and cross-overs or a com- 
mon header. 

The results definitely demonstrate the 
questionableness of the use of a so-called 
reserve as a measurement of either the 
absolute or relative adequacy of the ca- 
pacity provided. A much more significant 
basis for stating the capacity situation is 
in terms of the probable average number 
of years for a failure to carry the load, as 
defined herein, for one day. 

The specific results obtained for one 
particular system and a given set of condi- 
tions are of little use in any other system; 
consequently the problems relating to each 
system should be treated with respect to 
the conditions peculiar to each. 
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studied. On the basis of some December 
1948 cost figures, if scheme 3, the unit 
scheme, is considered as the base station 
with unit cost, the cost of a station with the 
arrangement of scheme 1 is about 1.17; for 
scheme 5 about 1.13; and for scheme 7 
about 0.97. 

If the ordinates of the curves of Figure 1 
are divided by these relative cost figures, the 
result will be the per cent of the total 
capacity of a system made up of scheme 3 
stations which can be relied on for the same 
total cost as was required to construct the 
scheme 3 system. For example, a dollar will 
buy less system capacity using scheme 1 
than scheme 3; consequently other things 
being equal, less kilowatts can be depended 
on. Figure 2 of this discussion shows the 
result of applying the cost figures in the 
curves previously shown. Scheme 7 em- 
ploying the largest units, is now seen to give 
the greatest reliability per dollar, while 
scheme 1 with the smaller and consequently 
more expensive boilers and scheme 5 with 
the reserve boiler capacity in each station 
are shown to be considerably less reliable per 
dollar spent. The effect of system size is 
more readily apparent in Figure 2, since 
here each of the curves except:the scheme 3 
curve is approaching a value different from 
100 per cent as system size increases. 

The most obvious conclusion which I feel 


- can be drawn is that a large amount of ef- 
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fort can be profitably expended in extending 
the work so adequately presented by Mr. 
Watchorn and others. I believe it also is 
obvious that the cost factor must be seri- 
ously considered in any evaluation of re- 
liability data obtained by statistical meth- 
ods. 


Wayne C. Astley (Philadelphia Electric 
Company, Philadelphia, Pa.): Mr. Watch- 
orn is to be congratulated on his thorough- 
ness and the tremendous amount of work he 
has undertaken in the development of this 
paper. Although the use of probability 
methods to determine reserve requirements 
has been the subject of considerable dis- 
cussion recently, Mr. Watchorn has em- 
phasized a new element. It is that the 
variability of future estimated loads is one 
of the essential elements in system capacity 
requirements and should be treated with 
probability methods, 

Heretofore, it has been the practice to pro- 
ject the present load duration curve into the 
future, based on an estimate of the annual 
peak load. The loads were then considered 
as certain events and were compared with 
the probable amounts of capacity available. 
Mr. Watchorn’s scheme to treat the annual 
peak load as the load that is likely to be 
equaled or exceeded at the average rate of 
one day per year seems very logical. 

A comparison which might be of interest 
would be a determination of the reserve re- 
quirements for the various schemes at 
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Figure 2 (right) 


Station E based on “‘short cut’’ methods. 
I agree that these methods would not give 
the proper answer, but an indication of the 
magnitude of the error would emphasize the 
point. 

The paper properly points out that the 
reliability of service to be obtained can not 
be determined when only the per cent of in- 
stalled reserve is known. The intercon- 
nected system with which the discusser is 
associated has come to realize this. For a 
number of years the installed reserve ob- 
ligation of the interconnection has been 10 
per cent of the annual peak. The spinning 
reserve of 6 per cent was adequate to protect 
against the largest error in estimating load 
that might be expected to occur once in four 
years as determined by probability methods. 
It also was sufficient to cover the loss of the 
largest unit. The cold reserve of 4 per cent 
served as a back up which could be placed on 
the line in 24 hours or less. 

The post-war load with its higher summer 
peaks has made it impossible to conduct a 
proper maintenance schedule with only 10 
per cent reserve, and an additional 2 per cent 
has been added to provide room for main- 
tenance. In the meantime a probability 
study has been initiated to determine the 
true reserve requirement to maintain the 
desired level of service reliability. 

Mr. Watchorn has indicated that the 
capacity requirements may be lessened by 
conducting the maintenance on a 2-shift 
basis. This results in increased maintenance 
cost only when it is necessary ,to pay over- 
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time premiums, and the increased cost is the 
amount of the premium. In most cases the 
increased cost of maintenance due to pre- 
mium overtime payments will be more than 
offset by the operating savings resulting 
from the reduction in outage time. I should 
like to cite a typical example from the 
records of the system previously mentioned. 

A 182,000-kw machine was overhauled on 
a 3-shift schedule using a centralized main- 
tenance group. It was necessary to pay a 
back shift differential to the afternoon and 
night shifts. Furthermore, time and one- 
half was paid on the first day of rest and 
double time for the second day of rest. The 
total amount of these premiums amounted 
to approximately $1,700 per week. While 
the unit was out, the additional cost of gen- 
erating the replacement energy on other 
units was $7,000 per day. 

If maintenance had been performed on a 
2-shift basis five days a week, it is estimated 
that the work would have been completed in 
nine working days or 11 elapsed days in- 
cluding one Saturday and one Sunday. The 
premium overtime payments would have 
been only $100. In other words, generating 
costs would have been increased $28,000 
and maintenance costs reduced only $1,600. 
In the face of these facts all maintenance on 
the economical machines is performed 
around the clock. Even on the minor 
machines single shift maintenance has not 
been considered. 

Mr. Watchorn has produced a timely 
paper which should arouse much interest. 
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W. H. Phillips (Pennsylvania-New York 
Interconnection, Philadelphia, Pa.): It 
gives me great pleasure to have the privilege 
of commenting at this time on Mr. Watch- 
orn’s paper, treating with the elements of 
system capacity requirements. As you are 
already aware, Mr. Watchorn has treated 
this subject including all its various com- 
ponents through the utilization of two 
simple formulas normally utilized in the ap- 
plication of probability methods. 

In view of the fact that I have long been 
an advocate of the use of probability meth- 
ods in the determination of reserve require- 
ments, Mr. Watchorn’s paper particularly 
appeats to me, because he has treated the 
subject in a most complete way. Numerous 
papers on this same subject have been pre- 
viously presented on various phases of the 
subject of reserve requirements, but at no 
time in my recollection, however, has the en- 
tire subject of installed capacity been wrap- 
ped up in the same ball of wax as has been 
accomplished by Mr. Watchorn. 

I have been requested to discuss two of the 
several components included in the paper, 
namely the seasonal load trend; and the 
long-time load forecasting errors. 

Immediately subsequent to World War 
II, it became apparent that the December 
day-time loads had grown materially in re- 
lation to the December evening peak loads. 
Since the day-time load follows a relatively 
steady course throughout the year, it be- 
came apparent that much less space was left 
to handle scheduled maintenance and forced 
outages. At the time this condition first 
presented itself many people were of the 
opinion that it had resulted primarily from 
an unstable condition created by reconver- 
sion to post-war loads; but this theory was 
proved incorrect when the change in the 
shape of the December load curve continued 
to exist throughout the years 1947 and 
1948, 

In the eastern Pennsylvania—New Jersey 
area during the pre-war years, 1934-35, im- 
mediately following the depression, monthly 
peak loads from November through to the 
following October averaged 84.2 per cent 
of the maximum monthly peak load ex- 
perienced in that period. I have selected 
the period November 1 to October 31 in 
analyzing this problem because it covers the 
period for which new capacity is installed, 
and in the area which I have studied and 
from which I come, this period is known asa 
service year, since capacity is normally in- 
stalled about the first of November to cover 
increasing loads above those of the previous 
December and the new capacity installed at 
that time is expected to carry the load until 
the end of the following October. 

When the average monthly peak load 
during the service year was 84.2 per cent of 
the maximum peak load, there was adequate 
room for conducting scheduled maintenance 
and handling forced outage. 

Over this same series of months during 
the service years 1946-47 and 1947-48, the 
average monthly peak load amounted to 
97.92 per cent of the maximum load during 
the same period leaving only about 2 per 
cent in which to conduct scheduled main- 
tenance as well as handle forced outages. I 
believe it is obvious to all of you that a 
normal maintenance schedule cannot be ac- 
complished with such a relatively small drop 
in load during the year. Asa result it has 
been necessary to increase the installed re- 


1182 


serve in the Pennsylvania—New Jersey area 
in order that adequate maintenance sched- 
ules may be performed. 

Up until the present time, in our area we 
have utilized only the seasonality curves in 
order to determine how much the installed 
capacity must be increased, in order that 
adequate space will be available above the 
load curve for the various outage require- 
ments and capacity reductions. But at the 
present time we are engaged in a study which 
in some degree parallels Mr. Watchorn’s 
paper, and when this is completed other 
factors not normally included in our calcula- 
tions but emphasized by Mr. Watchorn will 
be taken into consideration. Before leaving 
this subject, I believe it desirable to em- 
phasize the fact that certain parts of the 
maintenance schedule are in some degree 
flexible so that during those years when ex- 
ceptional conditions occur, certain phases 
of the maintenance schedule can be cur- 
tailed without appreciable harm to equip- 
ment. 

Along with the other factors considered in 
Mr. Watchorn’s paper is the probability of 
long-time load forecasting errors, and in 
analyzing this subject he has utilized the 
long-time trend and determined the yearly 
peak deviations from this trend. In my 
opinion this procedure would indicate the 
minimum probability of load forecasting 
errors. Relatively few companies, on 
a basis of my knowledge of the fact, follow 
this procedure in their load forecasting; 
but, they rather attempt to forecast the ups 
and downs created by business cycles and as 
a result the ultimate load forecasting errors 
on an average are worse than had they been 
based on the long-time trend. 

In the area which I represent, studies of 
long-time load forecasting errors (21/. years) 
were made covering a period of 10 years and 
the company in this area which exhibited 
the poorest load forecasting showed a prob- 
ability of load 25 per cent above the estimate 
once every 10 years. The other two groups 
were not as bad, but the diversified es- 
timates of all of the three groups indicated 
a load 13 per cent above the estimate once 
every 10 years. 

I believe this statement is emphasized by 
the fact that in June 1944, we were re- 
quested by the Office of War Utilities to es- 
timate loads for 1945, 1946, 1947 with the 
Japanese war continuing and with the 
Japanese war over. Our combined load es- 
timate for 1947 made 21/, years in advance 
indicated a load in December 1947 (with the 
Japanese war over) of 3,300,000 kw, while 
actually in December 1947, we experienced 
a load of 3,935,000 kw or 19 per cent more 
than that estimated 2!/2 years in advance. 
Iam sure that the error in forecasting during 
this period was not limited to our own group 
since there was a general countrywide pes- 
simistic view of what might happen to the 
loads after the war was over, but I am bring- 
ing up this case to emphasize the fact that 
extremely large errors in load forecasting 
errors can be made as little as 21/2 years in 
advance. As a result of this forecasting 
error, maintenance was severely curtailed 
and occasionally it was necessary for us to 
drop voltage or frequency in order to prevent 
the interruption of service to customers. 

Before closing I would like to emphasize 
one point which has not been covered in Mr. 
Watchorn’s paper, namely the effect of in- 
terconnection on reducing installed reserve 
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requirements. If we assume that two ¢om- 
panies exist exactly similar to the oné out- 
lined in the paper, the frequency of any of 
the incidents outlined therein will be twice 
as great, but each company’s share of the re- 
serve necessary to cover them will be greatly 
reduced. For this reason, it is highly desir- 
able when designing generating stations to 
consider the cost of reinforcing existing in- 
terconnections or building new ones. 
Scheme 3 for Station E will undoubtedly re- 
sult in the lowest capital cost for the station 
although it does create the greatest hazard 
from a standpoint of liability resulting from 
machine and boiler failure; but it may be 
more economical to build according to 
Scheme 3 and reinforce the interconnections 
rather than go into more expensive gen- 
erating station construction. On more than 
one occasion during the past couple of years 
entire systems have been lost because of in- 
adequate interconnection. . 

As a result of the change in shape of the 
seasonality curve of many electric utilities, 
the value of annual diversity is rapidly de- 
clining, if not disappearing. On the other 
hand, however, the value from interconnec- 
tion as protection against the combined 
liabilities outlined in Mr. Watchorn’s paper 
is continually increasing. This statement 
not only applies to the determination of in- 
stalled reserve, but also to the daily spinning 
reserve requirements. 

I wish to take this opportunity to con- 
gratulate Mr. Watchorn on his treatment of 
this subject. 


E. S. Loane (Pennsylvania Water & Power 
Company, Baltimore, Md.): The first 
part of Mr. Watchorn’s paper relates to the 
forced outage data and their use in the de- 
termination of the probable availability of 
capacity. In several previously published 
papers, other investigators have proposed 
the use of various short cut methods for at 
least part of the problem here involved. Mr. 
Watchorn, however, prefers to make all his 
computations by a rather simple but lengthy 
arithmetical process. Possible use of auto- 
matic computation, plus the simplicity and 
reliability of the process probably justify 
this choice. 

In the second part of the paper, relating 
to load estimates and particularly in the 
consideration of the long term effects of 
business conditions and the resultant varia- 
tions in loads estimated 2 to 4 years in ad- 
vance, the author has proposed a departure 
from previous general practice. 

There is little reason to question the 
general statements that a load record ex- 
tending over a sufficient period of years can 
be used to establish a trend or growth curve, 
and that a summary of all the annual per- 
centage variations from this trend will form 
a more or less normal distribution curve as 
has been plotted in Figure 5 of the paper. 
In the application of such a curve, how- 
ever, there may be a question as to whether 
or not-we are actually picking a year entirely 
at random when we center our attention on 
a specific period 2 to 4 years in the future as 
the basis for some capacity study. Suppose, 
for example, we were at a time and place 
where analysis of past loads and present 
conditions indicated that loads were run- 
ning 5 to 10 per cent below the long time 
trend. In this situation it has been as- 
sumed, rather than demonstrated in the 
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Figure 3. Effect of considering variations in annual peak load from 
trend on calculated reserve requirements 
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A. Reserve for outages only 


B. Reserve for load variations 


C. Joint reserve 
D. Sum of A and B 


Figure 5 (right). 
ability scale 


paper, that 3 years hence we are just as 
likely to have loads 5 to 10 per cent above 
the trend as we are to have loads 5 to 10 per 
cent below. 

On the other hand, suppose the situation 
were reversed and loads were currently 
running 5 to 10 per cent above the long time 
trend. Then it may be unduly hazardous to 
base capacity requirements on an estimate 
which apparently says that the loads in 3 
years are just as likely to be 5 to 10 per cent 
below the trend as they are to be at their 
current level above the trend. 

Such questioning, however, can detract in 
no way from the importance of variations in 
estimated loads as an element in system 
capacity requirements. Even if we choose to 
estimate the loads, taking into account cur- 
rent conditions, rather than to project a 
long time trend, we must know for a cer- 
tainty that the loads will not be just what 
we estimate; they may be more or less than 
our best possible guess. With loads below 
the trend or below our estimate and with a 
reasonable installed capacity there is a very 
small chance of failure, in fact the available 
reserve at times may appear excessive. But 
stich excess reserve is no better than just 
enough reserve, and the added safety at light 


Assumed variation in annual peak from trend on prob- 
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loads is no compensation for added risk 
when the loads are heavy. It is not sur- 
prising then that consideration of the 
variability of future estimated loads, as con- 
trasted with a definite estimate of load 
growth along the trend, increased the in- 
stalled capacity requirements 3 and 5 per 
cent in the two cases investigated by the 
author. 

The variability of future loads was found 
to be a more important element in the in- 
stalled capacity requirements of the larger 
system because the other risks, particularly 
failure of units, become generally less im- 
portant percentage wise, as the system 
grows. 

Once an investigator has established the 
effect of variability in estimated loads on the 
capacity requirements of his system, the in- 
dicated effect could perhaps be incorporated 
in successive capacity studies on some ap- 
proximate basis. Considering the several 
elements of judgment that necessarily enter 
into the determination of capacity require- 
ments, particularly the desired level of re- 
liability and the probable future loads, it is 
questionable whether there is advantage to 
be had from detailed investigation of loads 
in connection with each capacity study. 
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Figure 4. Effect of including reserve for variations in annual peak load 
from trend when evaluating capacity additions 


Incremental reserve in per cent of added load 
A. Plan A, unit system station 
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Generally it should be sufficient that the 
over-all judgment be well informed by 
periodic checks or investigations that es- 
tablish what the author has sometimes re- 
ferred to as ‘‘bench marks”’ for a particular 
system’s capacity requirements. 

In the last section of Mr. Watchorn’s 
paper, comparison is made among various 
layouts for Station E for various system 
load shapes and various maintenance 
schedules. The type of problem presented 
in such comparison is particularly suitable 
for solution by probability methods based 
on experienced outage data. Earlier papers 
have pointed out, as the author does again, 
that there are two different types of capacity 
problems (1) the need for installed generat- 
ing capacity, which still involves judgment, 
no matter what theories may be applied as 
aids thereto, and (2) the comparison of 
alternative schemes, which to a large ex- 
tent, but not quite entirely, is unaffected by 
the desired level of service reliability, or by 
any other elements of judgment, so long as 
it is within a reasonable range. It alse 
might be noted that the first class of prob- 
lems is susceptible to solution by short cut 
methods, while the second class will gen- 
erally require the detailed computation, 
here used by the author. 

It is unfortunate that limitations of space 
deterred the author from further discussion 
of the summarized results in Table XVI. 
Although it is necessary to keep in mind 
his admonition that specific results obtained 
for one particular system and given set of 


B. Plan B, common header and reserve boiler capacity 
(A-B). Differential Plans A and B 
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conditions are of little use in any other sys- 
tem, certain general results may be useful as 
indication of those things that may require 
more detailed examination in other situa- 
tions. 

Let us look first at the loads and main- 
tenance practice. Load B with one shift 
maintenance requires about 50 megawatt 
(mw), or 2 per cent more installed capacity 
than Load C; and Load A which has the 
least valley for maintenance, requires about 
75 mw more capacity than Load B. But 
because A has an expected annual peak 
about 20 mw higher than B, the effect of 
shape alone is again approximately 50 mw. 
This effect of load shape is reduced some- 
what by the possibility of two shift main- 
tenance. As might be expected, this main- 
tenance policy has greatest effect for Load 
A, where the maintenance situation is 
‘“tight.”’ Two-shift maintenance there saves 
60 mw in required capacity installation, 
while for Load B the saving is about 40 mw, 
and for Load C only about 10 mw. The 
saving from 2-shift maintenance is naturally 
smaller in all those cases in which there is 
extra boiler capacity in the proposed new 
Station E. 

Fach step in the assumed forced outage 
rate, that is, the 1, 2, and 3 per cent, identi- 
fied respectively with nominal pressures of 
900, 1,300, and 1,500 pounds per square 
inch, apparently requires an increased in- 
stalled capacity of about 30 mw or 5 per cent 
of the proposed Station E capacity. Load 
shapes and maintenance schedules had rela- 
tively little influence on these results. For 
those schemes for Station E which otherwise 
provided greatest reliability of service, the 
effect of pressure was below the average; 
but for the schemes involving larger units, 
or no extra boiler capacity, which increased 
the influence of the new station on system 
capacity requirements, the effect of pressure 
and forced outage rate was more significant, 

In unit size, the effect of change in Sta- 
tion E from 50 to 100 mw boilers was not 
too important, because there were already 
6-100 mw and 3-80 mw units operating 
in the assumed system. The increase in unit 
size from 100 to 150 mw, however, had a de- 
cided effect on capacity requirements, 
Load shape and maintenance policy affect 
these results; the more difficult it is to do 
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Figure 8. Actual variation in annual kilowatt-hour sales from trend in 
"second metropolitan area and straight line equivalent 


the required maintenance the less desirable 
it is to have the larger units. For the 
higher assumed outage rates, corresponding 
to the higher pressures, the larger units also 
are less desirable from the points of view of 
capacity requirements, amounting in one 
case to a disadvantage of 70 mw. 

The extra boiler capacity provided in 
three layouts had a capacity value of about 
30 mw on the average, or 5 per cent of Sta- 
tion E capacity. This added value ranged 
from 5 to 65 mw, being low where main- 
tenance was no problem and the unit sizes 
and pressures were low. The larger benefits 
from the extra boiler are associated with a 
tight maintenance situation and the less re- 
liable layouts of the station. 

The value of steam interconnection, with- 
out any extra boiler capacity is indicated by 
comparison of two 6-unit plants. The com- 
mon steam header provided in scheme 4 pro- 
vides capacity savings from 0 to about 30 
mw. Just as for the extra boiler, the saving 
is high where higher forced outage rates 
create the greater risks of unit outages. The 
effect of an extra boiler and of a steam 
header have been evaluated here for a large 
plant, and in some situations they were 
found more valuable than in others. It 
should be recognized, however, that the cost 
of such equipment could be credited with rel- 
atively little capacity savings when only 2, 
3, or perhaps even 4 units are installed in a 
plant. Whether such equipment would be 
justified during initial stages of development 
of a large station is just one of the many 
problems that must be investigated for each 
particular situation. As the author points 
out, it is dangerous to generalize too far 
about such results. 


Philip Doane (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 

The main new feature of the paper is the 
provision in the calculation for the possi- 
bility of load level changes from the forecast 
due to business cycle variations between the 
time capacity is ordered and the time it goes 
into service. Most reserve calculations pre- 
viously inade have determined the load 
which could be carried by a given installa- 
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tion with any specified chance of loss of load. 
The necessary allowance for forecast un- 
certainties was a separate problem, 

Figure 3 of the discussion shows the effect 
of the indicated provision to be sizable in a 
representative case, as compared with re- 
serve against outages only. 

Figure 4 of the discussion shows an ex- 
ample of the effect of including load level 
variations when comparing alternative sys- 
tem arrangements, different design features, 
or differing interconnections. The figure 
shows rates of increase per megawatt of 
allowable added load for two alternative 
capacity additions. The indicated differen- 
tial in required reserve capacity between 
plans A and B is less on Basis II, which al- 
lows for load level variations. This de- 
creased difference in capacity requirements 
would be only partly offset by the reduction 
in the credit for economy generation from 
the differential reserve capacity. Thus the 
lesser differential on Basis II favors higher 
outage risks, usually associated with unit 
system or higher pressure installations. 
Credit for differences in generating effi- 
ciency between Plans A and B applies to all 
the new capacity except that part considered 
in evaluating the capacity differential. Con- 
sequently the larger capacity requirement 
indicated on Basis B, which allows for load 
level variations, favors high efficiency in- 
stallations. 

With reference to the reasonableness of 
the load variations used in the examples, 
Figure 5 of this discussion shows the as- 
sumed curve on a probability scale. This 
is deceptive to the eye so Figure 6 of the dis- 


“cussion shows the same curve on an arith- 


metic scale. In this Figure 6 the cross 
hatched area shows that 50 per cent of the 
peak loads are expected to be within 5 per 
cent of the trend. The entire shaded area 
shows that 90 per cent of the peak loads are 
expected to be within 11 per cent of the 
trend. ; 
For comparison with Figure 5 of the dis- 
cussion plots of variation from trend of an- 
nual kilowatt hours have been made for 
three metropolitan areas. The author has 
taken his own curve of variation from trend 
of annual kilowatt hours and applied a cor- 
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rection factor for changes in load factor with 
business conditions to obtain variations in 
load from trend. This discussion neglects 
that refinement and presents Figures 7, 8, 
and 9 only to suggest that the slope of the as- 
sumed curve in Figure 5 of the discussion is 
not too steep. 

The curve of Figure 5 of the discussion 
may not be steep enough for a reason now to 
be considered. The author’s method is 
understood as projecting trend-up-to-date 
to a future time and applying as possible 
variations at that time the actual variations 
from actual past trend. This belittles the 
possibility that the trend projected today 
may differ appreciably from the trend 
which will be fixed by actual data covering 
the next ten years as well as past years. 
It is one thing in 1951 to determine a trend 
curve for the period 1905-1950 and thus 
locate the trend position for 1931. It wasa 


very different thing in 1929 to take the data 
for the period 1905-1928 and estimate the 
trend position for 1931. What we want to 
know is the expectaney of variation from the 
forecast trends as they are estimated year 
by year; not the variations from the final 
historical trend which will not be known 
until ten or more years after the event. 
Such a set of variations might be established 
by actually determining in each of a series 
of years, by some method excluding knowl- 
edge of later years, the trend fixed by the 
data up to that year, projecting each such 
trend to the third annual peak following 
(that is, data up to and including 1940 peak 
projected to 1943 peak) and tabulating 
differences between actual loads and the 
corresponding projected trend values. An 
alternative procedure might be to record the 
differences between each peak and the es- 
timate therefor made 30 months prior to the 


Figure 10. Comparison of errors in peak forecasts made 30 months in 
advance with variations in annual kilowatt-hours distributed from trend 


for same system 


A. Actual forecast errors—assumed to belong to lower half of complete 


business cycle 


B. Straight line approximation of A, above 


C. Straight line equivalent of actual variation in kilowatt-hours dis- 


tributed from trend 


PER CENT 


Figure 11. 


peak date. Figure 10 of the discussion 
shows such a set of variations from forecast. 
Unfortunately the record of comparable 
figures does not cover an entire major 
business cycle and the judgment assign- 
ment of the values to the lower half of the 
cycle may be a little pessimistic. The 
straight line equivalent of variation of an- 
nual kilowatt hours from trend is also shown 
for the same system. Comparison of the 
slopes of the curves suggests that uncertain- 
ties in trend location and projection may be 
a material factor. 

Coming now to interpretation of the re- 
sults of the calculation it is felt that some 
detail on the distribution of days of loss of 
load should be shown. Figure 11 of the dis- 
cussion shows the way in which the larger 
part of the expected loss of load is concen- 
trated in the relatively infrequent years 
with high load levels. If we exclude from 
consideration the years with annual peaks 
equaled or exceeded once in 50 years or for 
2 per cent of the time we then exclude three 
fourths of the expected days of loss of load. 
To elaborate, if we take the same standard 
of reliability as before for 49 out of 50 years 
and disregard what happens one year in 50 
then the increase in joint reserve require- 
ments over reserve for outage only shown in 
Figure 3 of the discussion is reduced by 28 
per cent. Whether the investment for full 
protection is justifiable becomes a question. 
From another viewpoint we may put a limit 
on the maximum assumed variation in load 
from trend. If this ceiling is set at 15 per 
cent in our example then the incremental re- 
serve requirement over that for outage only 
is cut by 12 per cent, with all years being 
considered. 

The authors’ work thus poses two ques- 
tions for each user of his method. The first 
is that of forecast accuracy. The author 
shows how to put a price on forecast uncer- 
tainties. The second question is that of in- 
terpreting and applying the reliability 
figures produced by the calculation. For 
this, consideration of the distribution is 
necessary, much as information on expected 
dispersion of material strength values is 
needed in considering strength tests. These 
two questions are of minor importance in 
the second of the two specific applications 
shown by the author, since in comparing 
alternative development plans, considerable 
variations in selected reliability level have 
little effect. The two questions are of 
major importance when fixing the required 
reserve, as for the first of the two applica- 
tions. 


A. Per cent of time annual peak exceeds given value 
B. Accumulated total of average weekdays per year of loss of load 
for all years with annual peaks equal to or less than given value 
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- Particle Charging in Electrostatic 


Precipitation 


H. J. WHITE 


MEMBER AIEE 


LECTRIC charging of aerosols is 

basic to electrostatic precipitation 
and related technical processes, and also 
has inherent scientific interest. Experi- 
ence indicates that the unipolar corona 
discharge provides by far the best prac- 
tical means of highly charging suspended 
particles in gases. Early workers in elec- 
trostatic precipitation did not investigate 
particle charging itself, but rather re- 
garded it as an integral part of the over- 
all precipitation process. Studies carried 
out during the past 25 years, however, 
have provided a satisfactory theoretical 
and experimental foundation for the par- 
ticle-charging process. The object of 
the paper is to give a connected account 
of these studies, including some heretofore 
unpublished results, and to portray the 
present state of development of the par- 
ticle-charging art. 

Theoretical studies indicate that two 
particle-charging mechanisms are present 
in the unipolar corona discharge: (1) 
bombardment of the particles by ions 
moving in the d-c field, and (2) attach- 
ment of ions to the particles by ion dif- 
fusion. Itis shown that process (1) leads 
to a particle charge which is proportional 
both to the d-c field strength and to the 
surface area of the particle, and is the 
process of primary importance in electro- 
static precipitation. Process (2) does not 
depend on an external field and ordinarily 
is important only for particles smaller 
than about 0.2 micron diameter, 

Laboratory studies of particle charging 
in the corona ionization field have been 
made by a number of investigators and 
results are in good agreement with theory. 
Field studies of particle charging in large 
precipitator installations are more difficult 
because of inherent lack of control of the 
experimental factors and the difficulty of 
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obtaining small samples which are repre- 
sentative of the large gas flows and 
weights of dispersoids treated, but results 
thus far obtained appear to be in general 
agreement with the theory. Several dis- 
turbing effects which may adversely 
affect particle charging under practical 
electrostatic precipitation conditions are 
discussed briefly. 

Electrostatic precipitation derives 
fundamentally from the mechanical or 
Coulomb force which is exerted on an 
electrically charged particle in an electric 
field. Although other forces of electric 
origin may act on particles, these are 
generally insignificant compared with the 
Coulomb force and are of minor impor- 
tance in electrostatic precipitation. The 
widespread applications of the Coulomb 
force in modern science and technology 
are perhaps the best indication of its 
importance. For example, in addition to 
electrical precipitation these applications 
include atomic particle accelerators such 
as the cyclotron, determination of the 
fundamental electronic charge by the 
Millikan oil-drop method, many types of 
electronic tubes, spray painting, pile 
fabric manufacture, and ore separation. 

In contrast to electrons and atomic 
nuclei for which electric charge is a funda- 
mental property, the smoke, fume, fog, 
and dust particles of nature and tech- 
nology may be uncharged or, more fre- 
quently, charged to only a low degree. 
The electric charges associated with in- 
dustrial aerosols were extensively investi- 
gated by the writer in 1940-1941. These 
measurements show conclusively that the 
majority of industrial dispersoids are 
charged, that the charge usually is equally 
distributed between positive and negative 
so that the particle suspension as a whole 
is electrically neutral, and that the aver- 
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age particle charge is comparatively 
small although not negligible. It is clear, 
therefore, that electrostatic precipitation 
and other similar technical processes must 
include particle charging as an inherent 
part of the process. 

Electrical activity is associated with so 
many physical and chemical phenomena 
that it becomes a matter of choosing the 
best method of charging particles rather 
than searching for a single available 
method. Methods which have been sug- 
gested include X rays or y-rays, friction, 
flames, photo-electricity and various types 
of electric discharges. The historic and 
by far the best method, however, appears 
to be the use of the unipolar corona or 
brush discharge. The earliest experi- 
ments of Hohlfeld,! the pioneer work of 
Lodge,? and the successful commercial 
development of the electrostatic precipi- 
tation process by Cottrell® were all based 
on the unidirectional corona discharge. 
The subsequent broad application of the 
process in industry, and more recently in 
air cleaning, has been dependent on the 
corona particle-charging method. Sev- 
eral other important but more recent 
technical processes, including, for ex- 
ample, spray painting and the electric 
method of printing and image reproduc- 
tion, also utilize this method of particle 
charging. 

In an electrical precipitator the corona 
discharge is established between a set of 
active electrodes, usually in the form of 
wires or points, and a set of passive elec- 
trodes, commonly plates or tubes. Sev- 
eral of the more usual arrangements are 
shown in Figure 1. The active or dis- 
charge electrodes are maintained at high 
potential, while the passive or collecting 
electrodes usually are maintained at 
ground potential for reasons of simplicity 
and safety. Cottrell’s earliest work in 
1906 indicated that the negative corona is 
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Figure 1. Electrostatic precipitator electrode 
configurations: (a) Wire and plate electrodes, 
(b) Wire and co-axial cylinder electrodes, (c) 
Wire and co-planar cylinder electrodes, 
chiefly used in air-cleaning precipitators 


much superior to the positive for electrical 
precipitation because of its greater sta- 
bility and higher permissible operating 
currents and voltages. All experience 
since then has confirmed this result. 
However, positive corona has been used 
in air-cleaning precipitators because of its 
possibly lower ozone production. 

Corona discharges have been studied 
for many years, but it is only recently 
that the detailed physical mechanisms in- 
volved have been reasonably well clari- 
fied, largely by Loeb‘ and his group. 
The essential features of the discharge for 
electrostatic precipitation purposes are 
the existence of a highly active but re- 
stricted region close to the discharge elec- 
trode which contains both positive and 
negative ions, and a passive region 
throughout the remainder of the dis- 
charge space which contains a dense con- 
centration of unipolar ions. These latter 
ions are generated predominantly by elec- 
tron bombardment of gas molecules in the 
active region of the discharge, and then 
are selectively carried by the d-c field 
through the passive region to the collect- 
ing electrodes. In atmospheric air the 
unipolar ion concentrations under elec- 
trostatic precipitation conditions com- 
monly range from 10*® to 10° ions per 
cubic centimeter, with corresponding elec- 
tric field strengths of from 1 to 10 kv per 
centimeter. Corona current-voltage char- 
acteristics area strong function of gas com- 
position and in practice vary widely 
depending on the nature of the gas. The 
electric field in the passive region in all 
cases is primarily due to the space charge 
of the unipolar ions rather than to direct 
surface charges on the electrodes. 


Theoretical Particle Charging 
Equations 


Theoretical calculations of particle 
charging necessarily are based on a num- 
ber of simplifying but not invalidating 
assumptions: 


1. The particles are assumed to be spheri- 
cal. 


2. Particle spacing is assumed large com- 
pared to particle diameter. 
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Nomenclature 


4=current 

j=current density 

A(n)=cross-sectional area of ion current 
stream to suspended particle 

No=ion concentration 

¥(n) =electric flux entering particle 

e=electronic charge=4.8010-" 
coulomb 

K=ion mobility 

y= undistorted electric field strength in the 
region of a suspended particle 

6)=polar angle through which flux enters 
particle; see Figure 2(B) 

a=particle radius 


stat- 


n= particle charge at time ¢ 

ns=limiting or saturation particle charge 

t=time 

to= time constant of particle charging 

D=dielectric constant of particle 

qg=particle charge 

m=>= particle mass 

p=particle density 

C=kinetic theory root-mean-square velocity 
of ions 

k=Boltzmann constant 

T =absolute temperature 

V=potential energy of ions in the electric 
field of a charged particle 


3. lon concentration and electric field in 
the region of any given particle are assumed 
uniform. 


Assumption (1) is true for many types 
of particles and is a reasonable approxi- 
mation for many others. Assumptions 
(2) and (3) are closely true for nearly all 
industrial and natural aerosols. Two 
distinct particle charging mechanisms are 
active in the corona discharge. The most 
important one is the bombardment of the 
particles by the ions moving under the 
force of the electric field. A secondary 
mechanism is the diffusion of ions to the 
particles. Under precipitator conditions 
this is usually of practical importance 
only for relatively small particles of less 
than about 0.2 micron diameter. 

The charging of particles in the uni- 
polar ion field by the ordered or Coulomb 
motions of ions along the lines of force 
was first studied theoretically by Roh- 
mann? and later in somewhat more detail 
by Pauthenier and Moreau-Hanot.6 The 
problem is essentially one in electrostat- 
ics. Figure 2(A) represents the electric 
field in the neighborhood of an uncharged 
conducting sphere placed in a uniform 
electric field. It may be shown that the 
electric flux passing through the sphere is 
increased by a factor of three as compared 
to the undistorted field and that the maxi- 
mum field at the surface of the sphere, 
which occurs along the axis parallel to the 
field direction, is also increased by a factor 
of three. The dashed lines represent the 
limit of the field which passes through the 
sphere. Gas ions travelling within these 
limits at the initial instant after the 
sphere is placed in the field will strike the 
sphere and impart charge by attachment. 
This charge in turn produces a repulsive 
force which alters the field configuration 
and thereby reduces the rate of charging. 

Figure 2(B) shows the field configura- 
tion when the sphere has received half of 
its theoretical maximum or saturation 
charge. Both the electric flux entering 
the sphere and the maximum field on the 
side of the sphere facing the oncoming 
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ions have been reduced through the 
repulsive effect of the ion charge on the 
sphere. Ultimately sufficient charge is 
received to completely counteract the 
external field; the electric flux entering 
the sphere is reduced to zero, and charging 
ceases. 

The theoretical particle charging equa- 
tion under these conditions is derived as 


follows. The gas ion current 7 to the 
particle is 
i=jA(n) (1) 


The ion current density 7 in the undis- 
torted region outside the immediate 
influence of the particle is given by 


G=NeKEy (2) 


The cross-sectional area A(m) of the ion 
current stream which enters the particle 


Figure 2. Electric field near charged and un- 
charged conducting spheres placed in a uni- 


form field. (a) Uncharged sphere. (6) 
Charged sphere (one-half of saturation charge) 
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Table |. Typical Values of Saturation Charge 
n, and Charging Constant t) for the Field- 
Dependent lon-Bombardment Charging 


Process 
K, 
Eo, Cm/Sec/ No, 

Ky/ a: Volt/ Tons/ to, 
Cm  Microns Ns Cm Cm: Second 
Pose (Osta) es eka 1 tee 10°, ..0.2 
TOS Ee, CaSO eo Ae I OO 02 
rS2eo gt 2 EID kc Rita SiR 10°. . 0.002 
2! Renee eS Ger OO Raa 10 Tene 10°. . .0.02 
Were ARTY Re GAELS Ged 10. 108, . .0.002 
10.. 10 3xIO 10. 108. . 0.0002 

15.100 2X 108 


when its charge is m is determined by the 
electric flux (7) as follows: 

: b(n) 
A(n) = (3) 

Eo 

Determination of the flux (7) is a 
problem in electrostatics. Omitting de- 
tails not essential to the present argu- 
ment, the result for a conducting particle 
is given by the integral 


80 / 
; “al ne ; 
vin= f (sm cos 6— =) auat sin 640 
a? 
0 


ne 2 
=3zxa*?H,{ 1—- 4) 
Se ( =) “ 


substituting equations 2, 3, and 4 in 
equation 1, there results 
~ - O(ne) 5 *NoeKE( 1 ne y 5) 
t=—___ Sora "Ve 0 a = 
t 3a? ( 
Equation 5 is readily integrated and yields 
3Eya* t 
x= Pag, eg 
€ ) 
SS — (6 
awNoeK 


where »=0 for t=0. 

If a dielectric particle of dielectric con- 
stant D is assumed instead of the conduct- 
ing particle, the only change in equation 6 
is replacement of the factor 3 by [1+ 
2(D—1)/(D+2)]. It is clear that this lat- 
ter factor approaches 3 as D approaches 

The results may be written in final 
form, using electrostatic units, as 


ms t+to (7) 


where m, is the limiting or saturation 
charge given by 
7) Ena? 


ma(1422— 


(8) 


e 


and fo is the particle-charging time con- 
stant given by 


1 
fe 7" arNoeK (9) 
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Several important conclusions may be 
drawn from these formulas. The par- 
ticle charge » given by equation 7 is an 
asymptotic function of time, approaching 
the saturation value , for large values of 
t. It is seen, for example, that half the 
final charge is reached at f= and 91 per 
cent at f=10f%. The saturation or limit- 
ing charge ms is directly proportional 
both to the electric field Zp and to the sur- 
face area of the particle represented by 
a2. The charging time constant fo is in- 
versely proportional both to ion concen- 
tration Ny and to ion mobility K; that is, 
the larger the ion concentration and the 
higher the ion mobility the faster the 
particle becomes charged. 

Table I gives orienting values of these 
quantities for a range of typical corona 
discharge conditions in air. The satura- 
tion charge is seen to be roughly of the 
order of magnitude of 10 electronic 
charges for a 0.2-micron particle, increas- 
ing to 10° electronic charges for a 2-mi- 
cron particle and to 10’ charges for a 200- 
micron particle. The time constant of 
charging ranges from about 107! to 10~4 
seconds, but charging ordinarily may be 
considered reasonably complete in about 
10~? seconds. This latter value shows 
that particle charging in a precipitator at 
gas velocities of 5 to 10 feet per second is 
completed in the first few inches of gas 
flow path in the corona field. 

The ratio of particle charge to particle 
mass g/m is of physical interest and may 
be easily calculated. For this purpose 
consider a conducting particle of diameter 
2a and of density p. Formula 8 gives the 
charge 


g=nse =3E a? (10) 


while the mass is given by 


m=—7asp (11) 
Oo 
so that 
; 9Eo 
/m= 
g eis (12) 


As an example, assume Ey=6 kv per 
centimeter=20 electrostatic units, a= 
0.5X10~4 centimeters, and p=1l. Then 
g/m=2.9X 10° statcoulombs per gram. 


Charging by Ion Diffusion 


The charging of particles by ion motion 
in the electric field, considered in the pre- 
ceding section, becomes less effective as 
particle size decreases, and it is necessary 
to determine the importance of ion diffu- 
sion in the charging of small particles. 
An exact theory of particle charging would 
take into account the simultaneous effects 
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of the electric field and of ion diffusion. 
However, such an exact theory leads to 
undue mathematical difficulties and is 
scarcely worth while attempting, at least 
from a practical standpoint. For par- 
ticles larger than about 0.5-micron diam- 
eter the exact solution would not be 
appreciably different from the result al- 
ready obtained. Likewise, by considering 
ion diffusion alone, a sufficiently valid re- 
sult is obtained for the case of very fine 
particles of less than about 0.l-micron 
diameter. 

Gas ions present in a gas share the heat 
motions of the gas molecules and in gen- 
eral obey the laws of kinetic theory. 
The thermal motions of the ions cause 
them to diffuse through the gas, and in 
particular to collide with any liquid or 
solid particles which may be present. 
Such ions will in general adhere to the 
particles because of the attractive elec- 
trical image forces which come into play 
as soon as the ions approach the particles 
very closely. The diffusion of the ions, 
therefore, provides a particle-charging 
mechanism which does not depend on an 
externally applied electric field. Such a 
field will aid in charging the particle but 
is not necessary for the diffusion charging 
process. 

The accumulation of electric charge on 
a particle gives rise to a repelling field 
which tends to prevent additional ions 
from reaching the particle. The rate of 
charging, therefore, decreases as charge 
accumulates on a particle, and ultimately 
will proceed at a negligible rate or stop 
entirely. The particle charge will de- 
pend on the thermal energies of the ions, 
on the particle size, and on the time of 
exposure. 

The first significant study of particle 
charging by diffusion of unipolar ions 
seems to have been made by Arendt and 
Kallmann’ who give the following equa- 
tion for the rate of particle charging, valid 
for the case where the particle has already 
taken on appreciable charge 


dn a?C ae 
wae } =nra2CN 
a <<) ma CN ae i) 


The derivation of the Arendt and 
Kallmann equation is rather elaborate. 
Essentially the same result is obtained 
by the simpler method given here. In 
kinetic theory’ it is shown that the den- 
sity.of a gas in a potential field is not uni- 
form but varies according to the equation | 


Vv 


NeMes (14) 


In the case of gas ions in the neighbor- 
hood of a suspended particle having a 
charge ne, the potential energy V of an 
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Table Il. Representative Values of Particle 
Charge n for the lon-Diffusion Charging Process 


a, 
Centi- t, Seconds 
meters 107? 102 107-3 1 10 
10-3 Biss dita 1b Oe £532 19 
10-4 70.. 110.. 150.. 190.. 230 
q0-* 1,100... 1,510.. 1,930.. 2,340.. 2,750 
10? 15,100. .19,300. .23,400. .27,500. .31,700 


ion of the same polarity at a distance 7 
from the center of the particle is 


ne? 


r 


(15) 


The ion density near the particle sur- 
face is given by 


(16) 


From kinetic theory the number of ions 
which strike the surface of the particle 
per second is re?NVC. Assuming that all 
ions which reach the particle are at- 
tached by image forces, the ion current to 
the particle is 
ne* 

- a*C Noe ak (17) 
An elementary integration gives, for an 
initially uncharged particle, the charging 
equation 


(18) 


Representative values of calculated 
from equation 18 are given in Table II 
for T=300°K and No=5X10% ions per 
cubic centimeter. 

In general it may be said that in elec- 
trostatic precipitation the external-field 
particle-charging mechanism predomi- 
nates for particles larger than about 0.5- 
micron diameter, and that the ion diffu- 
sion process becomes predominant only 
for particles smaller than about 0.2- 
micron diameter. For most electrostatic 
precipitation applications, the external- 
field charging process may be used in 
calculating particle charges, and only in 
exceptional cases need ion diffusion be 
considered, 


_ Experimental Work on Particle 


Charging 


Laboratory experimental measurements 
on particle charging in the corona ion field 


_ have been made by a number of investi- 


gators. These researches have estab- 


lished the essential validity of the theo- 


retical particle-charging formulas dis- 
cussed in the preceding sections. Some 
of the more important of the work will 


now be reviewed, and it will be seen that 
reasonable agreement exists between 
theory and experiment. 

The first measurements of particle 
charging in the corona field appear to 
have been made by Rohmann® in connec- 
tion with a particle-size analysis method 
utilizing preliminary corona charging 
followed by an air-blast particle-mobility 
apparatus. Particle charge was an essen- 
tial though secondary objective of the 
work. A typical result of these experi- 
ments, which were made using Fe,O, par- 
ticles under conditions where the ion- 
bombardment process predominated, gave 
for a 2-micron particle a value of 480 elec- 
tronic charges, compared with a theoreti- 
cal value of 400 electronic charges. 

Ladenburg? studied experimentally the 
limiting charge attained by suspended 
particles of from 10~* to 10~* centimeter 
radius in the corona discharge between a 
negative wire and a grounded plane. He 
found close agreement with theoretical 
formulas 6 and 8 for all except the very 
small particles of less than 1-micron radius 
charged in a field of very low ion density. 
For these the charge was larger than pre- 
dicted by formulas 6 and 8, and varied 
linearly with the radius a rather than 
with a* as in formulas 6 and 8. This 
linear relation may be derived from the 
Arendt and Kallmann theory’ as re- 
stricted by the conditions of Ladenburg’s 
experiments. 

More comprehensive measurements 
were made by Pauthenier and Moreau- 
Hanot.6 Their experiments were of two 
types. In one type both metallic and 
insulating spheres ranging in size from 
about 10 to about 200 microns diameter 
were released in a negative corona field 
maintained between a fine wire and a 
coaxial cylinder, and the trajectories of 
the individual particles as they moved to 
the cylinder wall were photographed. 
Analysis of these trajectories together 
with the known values of the corona pa- 
rameters made it possible to calculate the 
individual particle charges. Within the 
experimental error of a few per cent it 
was found that the limiting or saturation 


Table Ill. Comparison of Theoretical and 
Experimental Particle Charge Values for the 
lon-Diffusion Charging Process 


— — “Ey 
Theo- 
retical 


n, 
Experi- 
mental 


a, No, t, 
Microns Ions/Cm* Seconds 


charge obeyed formulas 6 and 8, while the 
time rate of charging agreed with formula 
7. The agreement was more exact for 
the larger particles. 

In the second type of experiment, much 
larger spheres of a few millimeters up to 
l-centimeter diameter were individually 
dropped through the same cylindrical 
corona field-and caught, after emerging 
from the field, in the Faraday cage of a 
low-capacity electrometer. The charges 
in this case were sufficiently large to per- 
mit individual measurements by the 
electrometer, thus allowing direct experi- 
mental tests of the particle-charging 
formulae, using single spheres. The for- 
mulas were verified in detail by studying 
each parameter separately. 

Arendt and Kallmann’ were able to ob- 
tain reasonable experimental checks of 
their theoretical ion-diffusion charging 
equation 13 by repeated observations of 
the charges adsorbed by individual par- 
ticles placed in very low ion concentra- 
tions of the order of magnitude of 10? to 
10° ions per cubic centimeter, and con- 
tinuing observations for long periods of 
up to several hours. 

The usefulness of the Arendt and 
Kallmann formula 13 is limited because 
the equation is in differential form and 
integration must be carried out numeri- 
cally for each case, and also because it 
applies only to the case where the particle 
has already accumulated appreciable 
charge. It is therefore of interest to com- 
pare a few of their measurements with 
the theoretical values predicted by the 
simpler formula 18 developed in this 


paper. 


Table IV. Experimental Results on Particle Charging in the Unipolar Corona Discharge for the 
lon-Bombardment Process 
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Figure 3. Experimental results showing linear 
relation between particle charge and square of 
particle radius 


Table III lists the comparative values 
of particle charge » for two particle sizes 
and ion densities and for several values of 
time. The agreement is seen to be cor- 
rect in order of magnitude, but not very 
close numerically. This is not surprising 
in view of the approximate nature of the 
theory and the inherent inaccuracies in 
experiments of this kind. The results do 
indicate, however, the range of validity 
of the theory, and that one is justified in 
concluding that the ion-diffusion process 
is of very limited importance in electro- 
static precipitation. 

Fuchs and Petranoff! charged oil mist 
droplets in an experimental precipitator 
by shooting a small jet of the oil mist 
through a short trajectory near the col- 
lecting pipe surface and parallel to the 
coaxial discharge wire. The theoretical 
particle charge was calculated from 
measurements of the corona current den- 
sity and the time of exposure of the drop- 
lets to the charging field. The actual 
charges were determined experimentally 
by photographing their motions in a 
known oscillatory field between condenser 
plates. Representative results of this 
work are given in Table IV. The meas- 
urements were made for rather low values 
of field strength Ey and ion density No, 
and the agreement between experiment 
and theory is good for this difficult type of 
work. 

Some experiments on the charging of 
individual particles in a small test pre- 
cipitator made by the writer in 1940 are 
of interest. Oil mist was charged by pass- 
ing it through a small tube-type precipi- 
tator. Charge and diameter of individual 
particles of the charged mist were deter- 
mined by the Millikan oil-drop method. 
The results for a charging time of 0.5 
second and an average field of 5.6 kv per 
centimeter are shown in Figure 3 in which 
particle charge is plotted as a function of 
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Figure 4. Schematic diagram of cylindrical- 

condenser-type _particle-charge analyzer. 

Part A collects negative particles on cylinder 

and positive particles on thimble. Part B 

collects residual uncharged particles on cylin- 
der by normal precipitation action 


the square of particle radius. The 
theoretical straight line relationship be- 
tween these quantities predicted by equa- 
tion 8 is seen to be approximately true. 
The slope of the experimental line corre- 
sponds to a value of the field Hy equal to 
about 1.5 times the space-average field in 
the tube, a not unreasonable value when 
it is considered that the oil mist was fed 
through a nozzle directed at the discharge 
wire where the charging field is maximum. 


Particle Charge Measurements on 
Precipitator Dispersoids 


The experimental results on particle 
charging up to this point have been given 
in terms of the charges on individual par- 
ticles. Although the determination of 
individual particle charge is valuable in 
checking the theory, it is obviously a 
tedious and somewhat impractical method 
for measuring the over-all charge proper- 
ties of dispersoids. For the latter pur- 
pose it is necessary to determine the charge 
properties of the dispersoid as a whole. 

In practice, a particle charge analyzer, 
Figure 4, has been used to measure the 
charge and the charge distribution of dis- 
persoids. A sample of the gas containing 
the dispersed suspended particles is drawn 
through a nozzle (not shown). The gas 
then passes through a d-c field main- 
tained between the concentric cylinder 
and thimble electrodes. This field re- 
moves the charged particles from the gas, 
negative particles going to one electrode 
and positive particles to the opposing 
electrode. The electric charge received 
by either electrode is measured by means 
of a suitably connected sensitive elec- 
trometer. The mass of the particles col- 
lected on the corresponding electrode is 
measured by weighing on a sensitive bal- 
ance. Any uncharged particles present 
are unaflected by the condenser field, and 
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will be collected in the precipitation field 
which follows. Measurements made on 
both laboratory and field precipitators 
using this apparatus are given in Table V. 
The measurements were made on the 
residual or uncollected fraction of charged 
material leaving the precipitators, but 
nevertheless are representative of the 
degree of charging attained. These re- 
sults do not of course show the charge of 
the material collected in the precipitator 
itself, but elementary considerations 
show that this material also must be 
negatively charged and to a substantial 
degree. 

The net conclusion is that dispersoids 
in precipitators under normal operating 
conditions become charged to the degree 
of 10° to 10° statcoulombs per gram. 
Inasmuch as average particle size usually 
lies between 0.5 and 10 microns, a simple 
calculation shows that the average indi- 
vidual particle charges range between 10? 
and 10° electronic charges. 


Abnormal Particle Charging 
Conditions 


Disturbing conditions are sometimes 
present in precipitators which cause par- 
ticle charge to be abnormally low. This 
in turn lowers the precipitation rate and 
interferes with normal operation. A 
brief discussion of these conditions is of 
considerable interest in any study of 
particle charging in the corona field. 


SPACE-CHARGE SUPPRESSION OF CORONA 
CURRENT 


This may occur with medium concen- 
trations of fine fumes or smokes, or with 
very heavy concentrations of larger par- 
ticles. 

The particles which are suspended in the 
corona field, being charged to the same 
polarity as the unipolar corona ions, tend 
to reduce the electric field at the discharge 
electrode and, with high particle concen- 
trations, may even reduce the field to its 
incipient corona-starting value. The 
corona current may then be reduced by a 
factor of 100 or more, and normal particle 
charging becomes impossible until the 


Table V. Electrostatic Precipitator Particle 
~ Charge Measurements 


Precipitator Aerosol q/m 
\ Cement-mill raw-mix dust.... 10% 
Laboratory , Fine particle fractiomof fly ash. 2 10° 
Oil fume, . o...0.00 5 ane 9X 105 
Field. ioe { Lead oxide fume.........0.05 2X 105 
Fly ash. «......5 510s.argh 2X 105 
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particle concentration is sufficiently de- 
creased. 


Back Corona 


Back corona!* is the localized dis- 
charge which occurs at the collecting elec- 
trode surface when that surface becomes 
coated with a layer of poorly conducting 
particles, Theory, experiment and long- 
accumulated field experience have all 
shown that back corona phenomena occur 
in a precipitator when the bulk electrical 
resistivity of the collected particle layer 
exceeds approximately 210! ohm- 
centimeter, and become severe for resis- 
tivities greater than about 10!! ohm-centi- 
meter, Incipient back corona lowers the 
sparking voltage, while severe back corona 
produces a positive ion discharge at the 
collecting electrode (assuming negative 
corona from the wires) which tends to 
neutralize the negative ions from the dis- 
charge electrode. Under this latter con- 
dition particle charge is greatly reduced, 
and positive and neutral particles may be 
present in numbers approaching or even 
exceeding the negative particles. 


Discussion 


F. Fraas (Bureau of Mines, College Park 
Md.): Dr. White has presented an interest- 
ing paper. I would like to inquire as to 
what studies he has made with respect to 
superimposing a radio frequency ripple on 
the constant potential supplied to the ioniz- 
ing wires. In a specific example of our 
studies a positive corona wire spaced parallel 
to a grounded metal cylinder emitted a 
0.09-milliampere corona current at a maxi- 
mum constant or d-c potential of 31 kv. 
Above this maximum potential for the wire 
there is a spark discharge to the grounded 
cylinder, However, by inserting a radio 
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PARTICLE EROSION FROM COLLECTING 
ELECTRODE 


This may occur in dry collection when 
gas velocity is high or gas-flow distribution 
is poor or exceptionally turbulent. Par- 
ticles at the surface of the collected layer 
are caught up and resuspended by the 
wind force, somewhat as in a dust or sand 
storm. 

Such eroded particles usually tend to be 
positively charged due to pith-ball effect 
(again assuming negative corona). Usu- 
ally the corona discharge will rapidly re- 
charge and recollect these particles, but if 
erosion is severe particle charge may be 
substantially reduced and numbers of 
both positive and neutral particles begin 
to appear. 
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precipitation. Certain of these arrange- 
ments do give somewhat higher corona cur- 
rents. However, it must be noted that in 
Cottrell electrostatic precipitators negative 
polarity is used almost universally in prefer- 
ence to positive because of the higher corona 
currents possible. The example given by 
Mr. Fraas is for positive corona and there- 
fore cannot be compared directly to the 
electrostatic precipitation case. Another 
significant difference which must be taken 
into account is the fact that large precipi- 
tators have appreciable capacitance which 
in turn makes it very difficult or impossible 
to obtain large voltage swings with high 
radio frequencies, for example, the 50 mega- 
cycles quoted by Mr. Fraas. 
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Electrostatic Precipitation of High- 
Resistivity Dust 


G. W. PENNEY 


FELLOW AIEE 


N electrostatic precipitation of high- 
f resistivity dust, the voltage drop 
across the layer of collected dust on the 
large electrodes of the ionizer may be 
sufficiently high to cause electrical break- 
down through this layer of dust. The 
high local voltage gradient, at these 
points of breakdown, results in a glow at 
the surface of the dust. This glow is a 
source of ions of a sign opposite to that of 
the ions liberated at the wire. The re- 
sulting partial neutralization of the charge 
acquired by the suspended dust particles 
eauses a loss in cleaning efficiency. Other 
troubles are wire vibration and increased 
ozone generation. This trouble can usu- 
ally be eliminated by operating at a 
higher relative humidity, or by the liberal 
use of adhesives. 

In electrostatic precipitation it is obvi- 
ous that a dust of high electrical conduc- 
tivity may give trouble due to excessive 
electrical leakage through a layer of con- 
ducting dust on insulators. It may not 
be asobvious that high resistivity dust 
ean cause very serious trouble and is in 
fact much more likely to cause trouble 
under typical operating conditions. 

The resistivity of most dusts will in 
general be high only when the relative 
humidity islow. At times of low humid- 
ity a trouble frequently occurs called 
“reverse-ionization” or “‘back-ionization.”’ 
This results in low efficiency, severe 
vibration of ionizing wires, and excessive 
ozone generation. 

The trouble occurs in all types of pre- 
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cipitators but this paper is restricted to 
the condition in low-voltage 2-stage pre- 
cipitators having a positive ionizing wire 
and used for air conditioning. 


Characteristics of 
Reverse-Ionization 


In the normal operation of an ionizer 
the ions are generated in a small region 
immediately surrounding the ionizing 
wire. If the wire is positive, as in elec- 
trostatic precipitators designed for air- 
conditioning applications, the electrons or 
negative ions are immediately collected 
by the wire, while the positive ions travel 
away from the wire, to the large negative 
electrode. In passing through the air 
some of these positive ions are collected by 
suspended dust particles. The amount of 
charge which a particle can obtain de- 
pends on the voltage gradient, the density 
of ions, and the time of charging? A 
typical l-micron particle may acquire a 
few hundred elementary charges, and a 
10-micron particle a few tens of thousands 
of elementary charges. 

During operation a layer of dust ac- 
cumulates on the large electrode of the 
ionizer. The ions formed at the wire and 
which pass through the air to the large 
electrode constitute a current which must 
be conducted through the dust layer. If 
the resistivity of the dust is increased, the 
resulting voltage drop across the dust in- 
creases and the ionizing current decreases 
until the dust layer breaks down elec- 
trically. This breakdown tends to occur 
at points leaving local regions of high- 
voltage gradient at the surface of the dust. 
This causes a glow discharge or corona 
which if viewed in a darkened room ap- 
pears as minute glowing spots. A glow 
at the large or negative electrode provides 
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a source of negative ions which move to- 
ward the wire partia'ly neutralizing the 
effect of the positive ions from the wire. 
This condition is called “‘reverse-ioniza- 
tion.’ With increasing resistivity of the 
dust the number of glowing spots on the 
negative electrode increases until at times 
the entire area appears to glow. The 
negative ions tend to neutralize the nor- 
mal positive charge on the dust particles 
leaving the ionizer. This tends to in- 
crease the ionizer current, decreases the 
efficiency, and causes other troubles. 

The conditions under which this trouble 
called reverse-ionization occurs can be 
predicted if the electrical characteristics 
of the dust are known. The resistivity of 
the dust as measured in bulk, multiplied 
by the current density (ionizer current 
per-unit area) gives the voltage gradient. 
If this voltage gradient is greater than 
that needed to produce breakdown, re- 
verse-ionization is to be expected. As an 
example a dust having a resistivity of 
3X10" ohm-—centimeters will be con- 
sidered. A typical current density is 
0.5X10~-* amperes per square centimeter. 
This current density multiplied by the 
resistivity gives a voltage gradient of 
1.5X104 volts per centimeter. Many 
samples of dust when subjected to a volt- 
age test will break down below this volt- 
age gradient. 

In estimating the condition at which 
reverse-ionization will occur the resis- 
tivity of the dust and the electrical break- 
down voltage are primary factors. The 
uniformity of the dust deposit is also 
important. The resistivity of collected 
dusts may vary from a fraction of an 
ohm-centimeter to 10% ohm-centi- 
meter or even higher. The breakdown 
voltage varies through a much smaller 
range. General experience seems to indi- 
cate that reverse-ionization is probable if 
the resistivity of the dust is greater than 
10" ohm—centimeter and is improbable 
if the resistivity of the dust is less than 
5X 10° ohm—centimeter. 


Tests of High Resistivity Dust 


In order to study the effect of high 
resistivity dust and the nature of reverse- 
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Figure 1. 


ionization a series of tests were made using 
electrically precipitated fly ash. The 
sample used was taken from a power plant 
burning a type of coal under conditions 
which were known to give trouble in 
electrostatic precipitation. This was a 
convenient way to get a large homogene- 
ous sample of a dust. It is of course a 
material which frequently is discharged 
into the atmosphere and must be removed 
by air cleaning devices. The sample 
used was chosen because it had an unusu- 
ally high resistivity at moderately low 
humidities. It was therefore a good 
sample to demonstrate trouble, but it 
should not be regarded as a typical dust. 

In an agglomeration of particles such 
as a layer of collected dust, the resistivity 
as measured on a large sample depends 
largely on the surface resistivity of the 
separate particles and so it is to be ex- 
pected that the resistivity as measured 
will depend on the humidity. Tests were 
made in which a sample of dust was placed 
in a test cup with a measuring electrode 
surrounded by a guard electrode resting 
on the dust. The temperature and dew 
point of the air surrounding the sample 
could be controlled. Potentials from 0 
to 15,000 volts could be applied across the 
sample and the current measured. Figure 
1 is an illustration of the apparatus. A 
fan was used to slowly circulate air 
through the test oven. The relative 
humidity was varied by controlling the 
temperature of the sample. In order to 
get a high dew point, a few tests were 
made in which the ingoing air was bubbled 
The temperature of the 
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Cross section of apparatus for measuring resistivity 


air surrounding the sample was held con- 
stant for approximately two hours before 
taking readings. This seemed to give 
equilibrium conditions. The measuring 
electrode was 2 inches in diameter and the 
sample of dust 9/32 inches thick. For 
resistivities less than 510" ohm-—centi- 
meters the current could be read with a 
microammeter. For higher resistivities a 
galvanometer was used to measure the 
current. The pressure on the sample was 
approximately 4.75 grams per square 
centimeter. Under these conditions the 
resistivity measured is a function of dew 
point, temperature, packing, and applied 
voltage. Tests were made in which the 
dew point varied from 35 to 80 degrees 
Fahrenheit. In Figure 2 the resistivities 
measured are plotted as a function of rela- 
tive humidity. The curve shown is for 
3,000 volts across the sample giving a 
voltage gradient of 4,200 volts per centi- 
meter. At 2,800 volts per centimeter the 
resistivity is approximately 18 per cent 
higher, and for 5,600 volts per centimeter 
about 10 per cent lower. 

To study the effect of a layer of dust on 
the ionizing current, the large electrodes 
of the precipitator cell shown in Figure 
4(A) were coated by slowly blowing dust 
into a cell with the ionizer energized until 
the dust layer reached a thickness of 
about 1/32 inch. The cell was then 
mounted on insulators in a box in which 
the temperature could be controlled. 
The dew point in the box remained con- 
stant at 65 degrees Fahrenheit. The 
box was heated to 176 degrees Fahrenheit 
over a period of 4 hours and then cooled 
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slowly. During the cooling period curves 
of current versus voltage were taken. 
These curves are shown in Figure 3 to- 
gether with a curve for a clean cell. 
Curve A for the clean cell was essentially 
the same as a curve for the electrodes 
coated with dust and tested at 60 per cent 
relative humidity. It has been found 
that the rate of cooling used to obtain 
curves B and C, of Figure 3 was too rapid 
to give an equilibrium condition. For 
this reason the dust at 32 per cent 
humidity when curve C was measured 
would not have exactly the resistance 
that would be obtained from Figure 2. 
Nevertheless the curves of Figure 3 do 
show qualitatively the manner in which 
current changes with humidity. High 
resistivities give severe reverse-ionization 
and currents large as compared to that 
for a clean cell. Moderate resistivities 
particularly at lower voltage give a reduc- 
tion in current. A thick dust layer 
would give a greater reduction in current 
than the thin dust layer used in these 
tests. 

In another series of tests the efficiency 
of a precipitator was measured when the 
large electrodes of the ionizer were coated 
with a thin layer of this fly ash. The 
precipitator was tested when cleaning 
normal city air and the efficiency meas- 
ured using the filter paper discoloration 
method.* A duct added for test purposes 
reduced the air flow slightly below rated 
velocity. Under these test conditions 
the efficiency measured at 54 per cent 
relative humidity was 95.5 per cent. 
This is approximately the efficiency of the 
precipitator with clean electrodes. Ata 
humidity of 15 per cent the efficiency 
dropped to 71 per cent and at 7 per cent 
relative humidity the efficiency was 54 per 
cent. Three tests were made at 12 per 
cent relative humidity but regulating the 
ionizer voltage by means of a separate 
power supply so as to maintain the cur- 
rent at approximately the normal value for 
a clean cell. In tests 4, 5, and 6 the cur- 
rent was 500, 550, and 600 microamperes 
respectively and resulted in efficiencies of 
80 to 83 per cent. These tests indicate 
that if the resistivity is high, satisfactory 
performance is not secured by adjusting 
the voltage to give a normal ionizing 
current. 

The dust layer was then saturated with 
“Celluflex’’ which is a tricresyl phosphate 
base adhesive with a wetting agent added 
so that the resistivity of the adhesive is 
relatively low. The unit was then tested 
at humidities duplicating tests 1, 2, and 3. 
With the dust saturated with low resis- 
tivity adhesive the efficiency remained at 
95.5 to 96 per cent regardless of humidity, 
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Photographs were taken to show the 
appearance of the ionizer discharge under 
typical conditions. Figure 4(A) shows 
the appearance of the ionizer with the 
thin deposit of dust, Figure 4(B) was 
taken in a darkened room with the ionizer 
energized under conditions giving no 
reverse-ionization. This was a 15-minute 
exposure at f4.5 and shows the glow along 
the ionizer wire as it appears when viewed 
ina darkened room. Figure 4(C) is simi- 
lar to 4(B) except taken under conditions 
giving reverse-ionization. The glow at 
the large electrodes as well as along the 
wires is clearly visible. Most of the 
center large electrode is behind the mem- 
ber which supports the ionizer so that 
only a little of the glow on this electrode is 
visible. 


Discussion of Test Results 


The tests that have been described 
were intended to study the nature of re- 
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exhibit a type of hysteresis so that the re- 
sistivity measured at a given humidity de- 
pends partly on previous history. A dust 
reaches equilibrium very slowly. The 
tests shown in Figure 2 are reasonably 
reproducible but the resistivity as given 
by the curve of Figure 2 would only 
approximate the resistivity at the same 
humidity under the conditions of the 
tests shown in Figure 3. Further tests 
are also needed to verify the correlation 
between resistivity and relative humidity. 
These uncertainties do not influence the 
qualitative analysis of the nature of re- 
verse-ionization but do prevent an exact 


verse-ionization and to investigate means 
for eliminating it. The nature of the 
trouble seems clearly indicated, however, 
the resistivity at which the trouble starts 
is more difficult to determine. The resis- 
tivity tests were intended to approximate 
the condition of the dust on electrodes 
but there are several uncertainties. For 
example, the packing of the dust as de- 
posited is probably different from the 
packing in the test cup. Electrically de- 
posited dust tends to be spongy or porous 
so that probably the dust in the test cup 


Table I. Effect of Humidity on Efficiency Electrodes Coated with Fly Ash 


a 


———— 


Air 
Temp., Relative 

Test Surface Condition Degrees Humidity, Efficiency, 
Number of Large Electrode Fahrenheit Per Cent Current Per Cent 

1 GS acne eee 

2 79. 

A FR rary Coated with fly-ash dry ........ 102. 

4 118. 

5 118. 

6 LLB a. hos cae 

7 68 cnee har Re 

BR ciccneae { Coated with fly-ash sat-) ........ 88 victsn wees cece ee 95.6 

urated with celluflex } 

- 109 Swann van eee 

* Ionizer voltage was varied to maintain specific current. 
q -a 
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determination of the resistivity at which 
the trouble begins. Such a determina- 
tion on this particular dust would how- 
ever be of rather limited value because of 
the wide variation in types of dust that 
must be precipitated. 

Further tests to study the point at 
which the efficiency is impaired seem very 
desirable. Tests 4, 5, and 6 of Table I 
exhibit a serious loss in efficiency even 
though the current was normal. These 
tests were made with a thin dust layer. 
A thicker deposit of dust would exhibit a 
larger decrease in current just below the 
resistivity at which reverse-ionization 
starts. 

The increased generation of ozone 
which accompanies reverse-ionization is 
very noticeable to the sense of smell but 
was not measured in these tests. This 
increase is probably due to several fac- 
tors. The increase in current would of 
course give a corresponding increase in 
ozone. Then the generation of ozone due 
to negative corona is normally higher 
than for positive corona. The most 
important factor is probably the change 
in the type of discharge when both posi- 
tive and negative corona occur simul- 
taneously. 

Another difficulty that accompanies 
reverse-ionization is the increased tend- 
ency of the wire to vibrate. Wire vibra- 
tion is troublesome because it shortens 
the life of the wire and because of the 
humming noise created. In cases of 
severe vibration the amplitude may be 
sufficiently great to cause spark-over be- 
tween the wire and the large electrode. 
Even slight reverse-ionization increases 
the tendency of the wires to vibrate. 
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Figure 5 (above). Electrode arrangement 
of unit shown in Figure 4 


Elimination of Reverse-Ionization 


Since reverse-ionization is caused by 
electrical breakdown of the layer of col- 
lected dust, it has been suggested that the 
trouble can be eliminated by frequent 
cleaning of the electrodes. This is not 
always successful because an extremely 
thin layer of high resistivity dust can 
cause trouble. In these tests the elec- 
trodes were wiped off with a dry rag and 
yet a considerable increase in current 
occurred at low humidities indicating 
reverse-ionization. 

Reducing the ionizer voltage reduces 
the ionizer current and the resulting volt- 
age gradient in the dust. While the 
voltage can be lowered until reverse- 
ionization ceases, this is not generally 
practical. The resistivity of dust may be 
20 times the resistivity required to cause 
reverse-ionization at normal voltage, so 
that the ionizing current would need to be 
reduced to 5 per cent of normal to elimi- 
nate reverse-ionization. 

Since a small change in humidity re- 
sults in a large change in resistivity, the 
control of humidity is usually an effective 
and feasible means of eliminating reverse- 
ionization. Humidities considered desir- 
able from a comfort standpoint usually 
result in a sufficiently low resistivity of 
the collected dust. Usually in precipita- 
tors cleaning normal ventilating air, little 
reverse-ionization is experienced when 
the humidity of the air entering the 
precipitator is controlled, 

Adhesives have been found desirable 
as a means of retaining the precipitated 
dust. Most adhesives incorporate wet- 
ting agents to improve washability. 
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This also results in a relatively low resis- 
tivity liquid. Saturating the dust with 
these adhesives is a very effective means 
for reducing the resistivity of the dust. A 
liberal amount of adhesive may be re- 
quired because the surface layer of dust 
must be wetted. 


Conclusion 


High resistivity dusts may result in 
excessive voltage gradients across the 
layer of collected dust on the large elec- 
trodes of the ionizer. This results in elec- 
trical breakdown through this dust layer 
and a negative corona at the surface of 
the large electrode. This supplies nega- 
tive ions to partially neutralize the nor- 
mal positive charge imparted to dust par- 
ticles. reduces the 
efficiency of» precipitation and causes 
excessive ozone generation and wire 
vibration. Reverse-ionization is prob- 
able if the resistivity of the dust is greater 
than 10" ohm-—centimeters and is improb- 
able below 510° ohm—centimeters. 

Control of humidity can keep the resis- 
tivity of the collected dust below objec- 
tionable limits and is usually an effective 
and feasible means of eliminating reverse- 
ionization. The use of liberal amounts of 
adhesive also is an effective means of 
eliminating trouble. 


Reverse-ionization 
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Discussion 


John E. Coolidge (Borg-Warner Central Re- 
search Laboratory, Bellwood, Ill.): Dr. 
Walker and I presented! some initial results 
of our program of study of electrostatic 
precipitation at Pennsylvania State College. 
In particular, in addition to a general survey 
of electrostatic precipitation, we discussed 
the effects of relative humidity and voltage 
on the precipitation efficiency of gypsum—a 
high resistivity dust. Figures C and D from 
the paper illustrate our results. In dis- 
cussing these tests we said: “If the material 
comes in contact with the collector plate, it 
is then necessary that the particle give up its 
charge and assume the charge of the collec- 
tor plate. If the resistivity of the deposited 
layer is extremely high this charge transfer 
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becomes difficult, back voltages are built up, 
sparking and uneven current flow result and 
precipitation is difficult. Some studies have 
correlated the resistivity of the precipitated 
material with the efficiency of precipitation 
of the material. These studies indicate that 
if the resistance is less than 8X108 ohm— 
centimeter precipitation is easy, but if it 
reaches 10 ohm-—centimeter precipitation is 
almost impossible. 

“‘Many investigators have mentioned the 
desirability of humidifying the gas in order 
to improve precipitation under certain con- 
ditions. In accordance with this practice 
laboratory investigations show that relative 
humidity plays a prominent role in the pre- 
cipitation of gypsum compound. a 
Figure C represents the dependence of pre- 
cipitator current on the relative humidity 
before, during, and after a precipitator run 
with gypsum. The theory behind these 
changes is not understood but they illustrate 
the pronounced effect of humidity and dust 
on the electric discharge. . . . Typical 
results are shown in Figure D. The experi- 
mental precipitator used in these investiga- 
tions is shown in Figure B and employs 
13 16-gauge, 4 inch by 12 inch plates, 
spaced 1 inch apart with 4 wires, 20 mils in 
diameter, spaced equal distance between 
each pair of plates. The data suggest a re- 
lation for efficiency. 


6h] —_— Ka(V—Ve) (1) 
where 


V =applied voltage 
V.=critical corona voltage 
hk=fractional humidity 
K=constant for the system 


“This relation is applicable to the gypsum 
compound only. It appears however to 
agree with the aforementioned resistivity 
studies . . . the effect of the moisture prob- 
ably giving a reduction in resistivity.” 

It is indeed comforting to read that Dr. 
Penney’s experiments corroborate our re- 
sults and confirm our speculations on the 
action of high resistivity dust at the col- 
lector plates. 

The correlation of the resistivity of the 
dust with its precipitability is interesting. 
However, I must agree with Dr. Penney 
that the results of his resistivity measure- 
ments bear somewhat a tenuous relationship 
to the resistivity of the material as it exists 
in a precipitator. 
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G. W. Hewitt (Westinghouse Electric Corp., 
East Pittsburgh, Pa.): This paper shows the 
serious effects of reverse-ionization on clean- 
ing efficiency. Dr. White’s paper! also de- 
scribes this abnormal condition. It is indi- 
cated that the cause of the lower efficiency 
is the decrease in particle charge resulting 
from the presence of ions of the opposite 
sign. 

A theoretical calculation of the effect of 
opposite-sign ions on the charging of parti- 
cles by the electric field can be made very 
easily. This is done by modifying the theo- 
retical field charging analysis)? developed 
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Figure |. Effects of opposite-sign ions on 
particle charging by electric field 


Curve A. Saturation charge, mNt= © 

Curve B. Practical charging time which pro- 
duces 90 percentof saturation charge when no 
opposite-sign ions are present, mNt=6X10* 


for a unipolar ion stream, so as to include 
both positive and negative ions incident 
upon the particle. Figure 1 of this discus- 
sion shows the effects of rather small relative 
current densities of opposite-sign ions, for 
two values of charging time. 

Let 


m =mobility of the charging ions, centimeter 
per second per statvolt per centi- 
meter 

N=concentration of the charging 
number per cubic centimeter 

t=charging time, seconds 


ions, 


For curve A, mNi=o and the particle 
has its “‘saturation” charge. For curve B, 
mNt has the practical value of 6X10° for 
which the particles acquire 90 per cent of 
the saturation charge in a unipolar ion 
stream. Curve B indicates a 42 per cent 
reduction in particle charge for an opposite- 
sign ion current density of one-tenth the 
charging ion current density. A 9 per cent 
loss in charge results when the ratio of ion 
current densities is only 0.01. 

Calculations of opposite-sign ion effects 
in the case of diffusion charging do not yield 
results as simple as those for field charging. 
However, they indicate that in the particle 
size range where diffusion charging is im- 
portant, the effect is fully as pronounced as 
that for field charging. 

No accurate check of this theoretical 
curve with the experimental results can be 
made without additional information on the 
ratio of negative to positive ion currents in 
Test 2, Table I of the paper and on the 
efficiency-particle charge characteristic of 
the test precipitator. However, a very 
rough comparison, which can be obtained 
by making the following assumptions, may 
be of some interest: 

1. Assume the increase in current caused 
by reverse-ionization to be divided between 
positive and negative ions in the ratio of 
their mobilities, about 480:660, after taking 
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into account the voltage drop across the 
dust layer. 

2. Assume the effect on efficiency of the 
decrease in particle charge in Test 2 to be 
the same as that of an equal increase in air 
velocity in tests on precipitators of similar 
type. In Tests 1 and 2, Table I, reverse- 
ionization caused a change in cleaning ef- 
ficiency from 95.5 per cent to 71 per cent. 
The efficiency-velocity characteristic of a 
similar precipitator, as givenin one of Pro- 
fessor Penney’s earlier papers,’ shows tfiis 
same decrease in efficiency for an air velocity 
increase of 2.3:1. From thisit is estimated 
that the particle charge in Test 1 was 
approximately 2.8 times the particle charge 
in Test 2. Then from curve B, the corre- 
sponding ratio of ion-current densities in 
Test 2 is about 0.19. For the 800 micro- 
amperes total current, this would indicate 
a negative ion current of 1380 and an increase 
in positive ion current of 90, making a total 
current increase caused by reverse-ionization 
of 220. The observed increase in Test 2 over 
Test 1 was 250, but correction for the volt- 
age drop across the dust layer would in- 
crease this considerably, perhaps to 300 or 
400. While no definite conclusions can be 
drawn from this comparison, no great dis- 
crepancy is indicated. The theoretical ef- 
fects of opposite-sign ions on particle charg- 
ing by the electric field, appear reasonable. 
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G. W. Penney: I would interpret Mr. 
Coolidge’s data in a somewhat different 
manner from that implied in his discussion. 
He emphasizes the current resulting from 
the deposition of charged dust. In general 
this current is very small compared to the 
current carried by the air ions in the corona 
discharge. So the primary difficulty seems 
to be the conduction of the ion or corona 
current through the layer of collected dust 
on the large electrodes opposite the high 
potential wire. 

Mr. Coolidge suggests an equation ex- 
pressing efficiency as a function of the prod- 
uct of humidity and voltage. While this 
would appear to be a reasonable approxima- 
tion for the curve drawn through the few 
points shown, other curves could be drawn 
through these same points which would not 
be represented by the equation suggested. 
Furthermore there are many reasons to be- 
lieve that this simple exponential equation 
cannot represent efficiency in general. For 
example with many dusts between 40 and 
90 per cent relative humidity the efficiency 
is substantially independent of humidity. 
So until further information is available it 
seems that this should be regarded as 
merely a suggested equation, 

Mr. Hewitt has made a valuable contribu- 
tion by suggesting a method of calculating 
the reduction in the charge on a dust particle 
and the resultant decrease in efficiency 
caused by reverse ionization. 
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Losses in Transmission Systems 


L.K. KIRCHMAYER 


ASSOCIATE AIEE 


S INTEGRATED power systems 

are developed, larger steam and 
hydrogenerating plants become concen- 
trated in the most favorable economic 
locations; and the problem of including 
transmission losses in the economic 
scheduling of generation becomes in- 
creasingly important. The first steps 
toward the solution of this problem have 
been made by George! in expressing the 
total transmission losses in terms of 
generator powers. The application of the 
network analyzer to determine a similar 
loss formula was developed later by 
Ward, Eaton, and Hale.? A method of 
co-ordinating fuel costs and transmission 
losses has been described by George, 
Page, and Ward* which requires the use 
of a transmission loss formula. 

This paper describes an improved 
method of obtaining a transmission loss 
formula which involves considerably less 
network analyzer data and a fraction of 
the arithmetic calculations of the methods 
previously described in the literature.” 
The proposed method essentially requires 
impedance measurements on the open- 
circuited transmission network and a 
normal load flow study. The derivation 
of the proposed method involves a num- 
ber of fundamental concepts of tensor 
analysis‘ as presented in the companion 
paper by G. Kron.’ The various assump- 
tions made in obtaining the loss formula 
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have been evaluated in a study of the 
American Gas and Electric System. 


Assumptions 


The assumptions made in obtaining 
the loss formula are the following: 


1. The equivalent load current at any bus 
remains a constant complex fraction of the 
total equivalent load current. The equiva- 
lent load current at a bus is defined to be 
the sum of the line-charging, synchronous 
cordenser, and load current at that bus. 


2. The generator bus voltage magnitudes 
are assumed to remain constant. 


3. The ratio of reactive power to real 
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power of any source is assumed to remain a 
fixed value. 


4. The generator bus angles are assumed to 
remain constant. 


These assumptions are similar to those 
of reference 2. Because of the generality 
of the tensor approach, other assumptions, 
if necessary, may be made about system 
operation. However, this paper is re- 
stricted to the assumptions listed above. 
A summary of the tensor method is given 
in Appendix I. 


Description of American Gas and 
Electric System® 


The American Gas and Electric Com- 
pany is composed of the Indiana, Ohio, 
and Appalachian operating divisions and 
maintains transmission facilities in por- 
tions of seven states. The outside 
perimeter encloses approximately 80,000 
square miles. Principal interconnections 


Figure 1. Map of 1950 American Gas and 
Electric Company System 
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Figure 2. Simplified impedance diagram of 
American Gas and Electric Company and 
Ohio Edison Company 


in the’ South include Carolina Power and 
Light Company, Duke Power Company, 
Virginia Electric and Power Company, and 
the Tennessee Valley Authority; on the 
northern fringe, Ohio Edison Company; 
toward the East, West Penn Power Com- 
pany; and in the western portion, the 
Northern Indiana Public Service Com- 
pany, Public Service Co. of Indiana, and 
Cincinnati Gas and Electric Company. 
The American Gas and Electric Company 
is predominantly a steam system and had 
in operation during 1950 nine major steam 
plants interconnected with a 132-kv 
transmission network of approximately 
3,800 circuit miles. The peak load for 


Figure 3. Typical daily load cycles of 
American Gas and Electric Company 
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1950 was 2,386,000 kw. A map of the 
American Gas and Electric 132-kv trans- 
mission system showing major generat- 
ing plants and principal foreign inter- 
connections is shown in Figure 1. 

For the purposes of developing tech- 
niques and to determine the accuracy of 
the assumptions made in obtaining a 
transmission loss formula, a simplified 
representation of the American Gas and 
Electric System was used maintaining, 


however, the wide variation of operating 
conditions experienced in actual practice. 

Physical simplifications included the 
following: 


1. Radial lines were omitted. 


2. Stations within the same vicinity were 
bussed together. 


8. Maulticircuit lines were paralleled. 
4+. Small tap stations were omitted. +» 


5. Principal interconnections were shown 
at the nearest generating station to mini- 
mize the number of terms involved in the 
loss formula. 


The transfer of power between the Ohio 
and Indiana Divisions of the American 
Gas and Electric Company may cause 
additional losses in the Ohio Edison trans- 
mission system, Consequently a simpli- 
fied representation of the Ohio Edison 
System also is considered, and a loss 
formula was obtained to inelude the 
total losses in both simplified systems. 
The simplified American Gas and Electric 
System and Ohio Edison System im- 
pedance, diagram is shown in Figure 2. 
The dotted lines designate the Ohio 
Edison Company. 

Hourly summer peaks for a typical 
weekday, Saturday, and Sunday were 
grouped and averaged to produce step 
load curves typifying five periods of 
operation common on the American Gas 
and Electric System. These five periods 
are designated as A, B, C, D, and E in 
Figure 3. For each of these periods, 
individual station loads were determined 
maintaining the variations in load en- 
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countered between the three operating 
divisions. Stub loads were added at the 
major substations and tap loads were 
proportioned between these stations. 
The Kenova generating plant and all 
small steam and hydrogeneration were 
assumed to vary as the loads and were 
netted at the major substations. The 
Burger and Lorain steam plants of the 
Ohio Edison Company were considered 
as negative loads that varied in the same 
manner as the loads of the Ohio Edison 
Company. 

Operating conditions on the American 
Gas and Electric System afford a strenu- 
ous test of the assumptions involved in 
obtaining a loss formula and include the 
following: 


1. Large industrial loads subject to long 
strikes affecting the load pattern. 


2. Divisions with independent load varia- 
tions. 


8. Transmission of large blocks of power 
over considerable distances which in turn 
cause large variations in: 


a. Generator angular bus position. 


b. Power factor of generating stations to 
maintain voltage. 


4. Regulation of 1382-kv system with re- 
active capacity principally in the form of 
synchronous condensers which operate lead 
to lag from peak to off-peak, causing reac- 
tive load to remain at proportionally higher 
value during light load periods. (The 
variation in voltage on the 132 kv is ap- 
proximately 3 to 4 per cent drooping for 
light load periods.) 


Network Analyzer Measurements 
Required 


In the following analysis the word 
generator is understood to be either a 
steam generator, hydrogenerator, or an 
interconnection that is to be included in 
the loss formula. For a given base case 
it is necessary to record the following 
quantities most of which would be re- 
corded in a normal load flow study. 


Loap FLow Stupy 


1. Record generator voltage magnitudes, 
megawatts, megavars, and angles. 


2. Record scalar values of all line currents, 


8. With the network analyzer reference 
chosen such that the summation of the cur- 
rents of the generators included in the loss 
formula equal a real number, record all 
generator vector currents and the real part 
of all equivalent load currents. 


4. For a check on the system operation, 
it is desirable to record load voltages, load 
and line megawatts and megavars, and syn- 
chronous condenser megavars, 


The preceding data are shown in 
Figures 4 and.5.for a typical. D loading. 
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NETWORK Se dm= 0.0754 0.0316 0.0323 0.00 0.0534 0.0750 0.0843 0.0925 
es Se 
Ea ELj Table V. Generation Schedules for Base Cases 
n 
i! D-1 Loading B-1 Loading ve 
ia > P Q 4 0 P Q V t) 
Mw Mvar Per Cent Degrees Mw Mvar Per Cent Degrees 
Figure 6. Measurement of Ron— gm and Rrjg—m 
2 Twin Branch 1... 04). Reh Baca NOL 2 eae =95 Seek 240 ee Oo eee 105.5.....—82.6 
¥ Tidd ee WO cas HO soooa. 100.2..... 0: OREN ELT heey oot 10L-4.. en 6.8 
EMENT Windsor Bie 40°20% ) Gineenes NO henooe —2.5....149... Sieve: LOL beeen 6.4 
EU SSSI Ve : Philo 4.. 238. Dad seraeiele NOS Sa ateciete O20) rr On cre Decca 108:4came 0.0 
1. Remove from ground all line-charging Sporn 5.. BD osc ce Otek es LOB aoe tie OrOen ee2Oo cree MOVE dee 105 eee —10.8 
‘ Cabin Creek 6.. 116s oo oO mete 1OZE6 eee = 9.0: ee hO Ge ey 50 esse 103.9%....0% =22.8 
ee: ey eae Set 202 eee Tic. 45.8. .(024.80.05 102.8... 1 1k eee oe 108 6a —30.9 
SENET SMEG ISO NS Glen Lyn Be Sige 1654 e 104-2 00 soe =18:0 OSS oor 105.550 —37.4 
2. Ground the reference point. It is Lest Ne ee Lyn re pie 2g are a Saat zs “ - Gisivieceis 105, bane —37.4 
to choose one of the major plants as the copy, AO: cc 10's sos 53 ccc ee 40m = 10 
reference point which, in this case, was Burger sn he BB 5S sissaje. at sina: arate tae AT 132.,... 43 
i Lorain soon  — 1Wfets Gy Sibreve a crbintaia) ekoierols > tereel taraitetate Pecan | Ie4re3 
SE Ohio to Indiana 99.4 1230 
38. Impress a known current at a given Ohio to : eet Ve 
generator m and read the real part of the Appalachian....... VOB Die atare S-o55 Bid 6 08 as cedalete oo acahapepee eae 
voltages at all busses with impressed current 
as reference. 
: ree : ; Applying the preceding definitions to matrix is given in Table I; the Rrj_em 
This test is indicated schematically in ee y 8 P = a ee 
: F heater ; Figure 7 matrix, in Table II. 
Figure 6 and specifically in Figure 7 with 
Twin Branch energized. In Figure 6 0.748 
Ra_a =—— =0.2493 } 
Een 3.0 Calculations 
Ren-em =Rem_—qn=real part of — (1) 
ore 0.0705 iy 
E Re_a =Rea_en= a =0.0235 In general, the total transmission losses 
LD, . . 
Rij—am =Rem_1j=real part of — 2 (2) are given by 
tam 


Rm_a=Ra_w= 


0.568 
——— = 0.1893 
3.0 


P josses = total transmission losses 


= eam (3) 
. ‘ ° + . mn 
Table Ill. Calculation of d, This same test is repeated with genera- 
COS) 2a SiO) Oma. Orn meen warmer, where 
In general 
1 : 
m=——— LiLjRLj-Gm eke 
iGn j TWIN BRANCH LORAIN 
n 
li =3.0+/0.0 SANDUSKY . MASSILLON ae 
i 14 ; 
a= ViLjRLj- a Ll 170 15 BOS eee lie. AL 
ign jf FT. WAYNE ig 77 aaa re ik oil + oa 
568 | FOSTORIA HOWARD! Me ' ae) 
Load : .249 138 D: ©) 
Number iLj RLj-@ (iL; X RLj- a) . 
L2 ane Sane IO 5 Lg T66KV 
St ORSO 7022403 see 0.09897 
SUD PRU corcOnieanacac 0.04354 ee 
+0.093 ....0.1640...... 0.01525 cS 
Ae ORIO7) mes Oet5a80 aes 0.03020 WINDSOR 
wot Os169) <.0 5081839)... 0.02253 Sa 5 
+0.078 ....0.0830...... 0.00647 al 
+02127 .., 0.0460. --.,. 0.00584 492 C4) t4 
+0.680 ....0.0235...... 0.01598 MARION fH : @ 
-+0.267 ....0.0235...... 0.00627 ee 
+0.250 ....0.0235...... 0.00588 
+0.391 ....0.0000...... 0.00000 Ll2 125 
+0.0343....0.0419. 0.00143 Boer nuit _SPORN 
“30/1400 ONO 79a 0.01060 L4 227 
—0.556 ....0.0325...... —0.01807 d 
+0.086 ....0.0567...... 0.00488 AG ar Onell 
«0.052 ....0.0480...... 0.00250 
vs-03082.55,050810.2 555. 0.00254 
+0.148 ....0.0300...... 0.00444 ee 
+0.115 ....0.0400...... 0.00460 
+0.265 ....0.0593...... 0.01571 
+0.141 ....0.0507...... 0.00715 
+0.572 ....0.0507...... 0.02900 
+0.410 ....0.0507...... 0.02079 
+0.261 ....0.0507...... 0.01323 
+0.210 ....0.0507...... 0.01065 
RE ee 
iD = 
ie 0.3604 SWITCHBACK TO GR &L. 
a - (0.3604) = 0.0754 wea Has ™ 


Figure 7. Resistance measurements on open- 
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n circuited transmission network y 
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fo} 
fe) 


NOTATION: 
4 LOSSES FROM FORMULA 
WITH B=! LOADING Bryy 


* LOSSES FROM FORMULA 
WITH D-I LOADING Byn 
L L L 


fe} 20 40 60 80 100 120 
ACTUAL AG &E AND OE CO 132 KV SYSTEM LOSSES-MW 


SYSTEM LOSSES CALCULATED BY LOSS _FORMULA-MW 


Figure 8. Comparison of actual losses and 
results from loss formuia 


Bnm=constants which are calculated from 
network analyzer data 
Pm=teal power output of generator m 


Also the incremental transmission loss 


at generator 7 is given by 


oP osses 
I Be Pm 


n m 


(4) 


Several steps are taken to calculate 
Brim: 


(1) Calculate 


dm =—— DirjRrj- am (5) 
2ten j 
n 

where 


414 =real part of equivalent load current j 
from base case 

Rrj-em=measured resistance between gen- 
erator m and load j (Table II) 

Lign=summation of base case generator and 

v3 interconnection currents included in 
loss formula (See Figure 5) 


A sample of calculation of d; is given in 
Table III. The d,, matrix obtained is 
given in Table IV. 


Figure 9. Variation in total system losses for B loading for 
shift in generation between Twin Branch and Philo 


Table VI. Comparison of Rp—m and Bym for D-1 and B-1 Loading 


——— —— 


Rna-m Bnm 

m D-1 B-1 D-1 B-1 
Tod... O.1570.. 0.1495 0.1734, 0.1411.. 
2 din, | OL L228 2 OP UZI6;, 0.1229. 0.1210.. 
3..8.. 0.1412.. 0.1400. 0.2247. 0.1418.. 
4..4.. 0.0585.. 0.0559. 0.0546. 0.0513.. 
5..5.. 0.0522... 0.0506. 0.0478. 0.0447.. 
6,.6.. 0.0747... 0.0759. 0.0763. 0.0726... 
7..7.. 0.0981.. 0.0995. 0.1190. 0.1324.. 
8.85. 0.1857... ‘O.A887. 0.2429. 0.2373.. 
1..2..—0.0250.. —0.0294 —0.0197.. —0.0202.. 
1..3..—0.0257.. —0.0301 +0.0339..—0.0221... 
1..4..—0.0169.. —0.0220 —0.0132..—0.0146.. 
1..5..—0.0284. . —0.0330 —0.0180..—0.0274.. 
1..6..—0.0411.. —0.0443 —0.0413..—0.0418.. 
1..7..—0.0504.. —0.0535 —0.0583..—0.0574.. 
1..8..—0.0586. . —0.0609 —0.0700..—0.0617... 
2..3..+0.0922..+0.0910 +0.0938..+0.0912 
2..4..+0.0269..+0.0250 +0.0260..+0.0239 
2..5..—0.0215.. —0.0274 —0.0205..—0.0242 
2..6..—0.0418..—0.0418 —0.0391..—0.0333 
2..7..—0.0511..—0.0510 —0.0439.. —0.0262 


Rn-m Bnm 
mn D-1 B-1 D-1 B-1 
-2.,.8..—0.0593.. —0.0584... —0.0455.. —0.0246 
-3..4..+0.0262..+0.0243...+0.0263..+0.0234 
-3..5..—0.0222..—0.0281 —0.0210.. —0.0255 
-3..6..—0.0425..—0.0425...—0.0526. . —0.0356 
-3..7..—0.0518.. —0.0517... —0.0719. . —0.0300 
3..8..—0.0600..—0.0591 —0.0848.. —0.0288 
-4..5..+0.0051..+0.0030...+0.0046..+0.0025 
-4..6..—0.0165. . —0.0172 —0,0151., —0.0132 
4..7.,—0.0258.. —0.0264...—0.0218..—0.0131 
-4..8..—0.0340. . —0.0338...—0.0258.. —0.0138 
5..6..+0.0288. .+0.0286...+0.0236..+0.0253 
-5..7,.+0.0195..+0.0194...+0.0136..+0.0152 
-5..8..+0.0113..+0.0120...+0.0067..+0.0085 
-6..7..+0.0414..4+0.0427...+0.0442..+0.0425 
-6..8..+0.0332..+0.0353...+0.0347.. +0.0326 
7..8..+0.0899..+0.0921 +0.1119..+0.1188 


(2) Calculate 
Rn—m—w! =Ren-gm— dn — dm (6) 


where 


Ren—em=measured resistance between gen- 
erator m and generator m (Table I) 

Rn-m=symmetrical through resistance in 
equivalent circuit between genera- 
tors and hypothetical load 


Thus 
Ri-2—w’ =Re-o2—di— de 
Ri-2—w’ =0.0235—0.0754—0.0316 
=—0.0835 (7) 
(3) Determine w’ From Relationship 
Lin? Re — LZ(tamtant+tgmitqn) x 
k mn 
(Ren-am —dmn —dn) 
= 2) (tamtan + 1gmtgn) 
mn 
(8) 
where 


R;,=resistance of line k (Figure 2) 
t,=scalar current in line k for base case 
(Figure 5) 


« 


D iz?R;, =total transmission losses of base 
case 
1am =real component of generator m current 
for base case (Figure 5) 
igm =imaginary component of generator m 
current for base case (Figure 5) 


For the D-1 base case w’=0.0585. A 
derivation of this method of calculating 
w’ is given in Appendix I. 


(4) Calculate 
Rn—m = Ren-om—dn—dm+w' 


Thus) Ri-2 = Ra-@ —d—d&@+w’ = 
—0.0835-+-0.0585 = —0.0250. This quan- 
tity Rn—m is a term similar to Kym ob- 
tained in reference 2. 


(5) Calculate 


Bum = 


Wa \1tsnsy COS Omn+ 
mVn 


(sm—Sn) sin eo (9) 


Vm=bus voltage of generator m (Figure 4) 
6m =angular position of terminal voltage of 
generator m (Figure 4) 


Figure 10. Variation in total system losses for D load- 
ing for shift in generation between Twin Branch and Philo 
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Figure 11 (left). 
Variation in total 
system losses for B 
loading for shifts in 


LOSSES CALCULATED BY IR | 


-4- LOSSES FROM FORMULA WITH B-! LOADING Bun 
=~ LOSSES FROM FORMULA WITH B-! LOADING 


generation between 
Twin Branch and 
Philo with corrected 


Bun 


WITH Byn CORRECTED FOR CHANGE 
Bee Ley TWIN BRANCH Q/, AND PHILO Q%, 


Brn 


THIS CASE 


POINTS 4 
AND &# ARE 
COINCIDENT——_4 


70 


TOTAL AGE AND OE CO 132-KV SYSTEM LOSSES-MW 


t— 


Om =reactive power output of generator m 


O, 
Sm= Gn of generator m for base case 
m 


Thus 
. (1+-5;7)R x 
ars rs a eapenaree ert. 4 
V2 PIV 4 O12)8 
{1+-(0.862 )?](0.1570) =0.1734 


By = 


=, 


Bux 
SOV Val 


(1+ 5,52) cos 412+ 


(s, —$») sin tab Rio 


~(1.012)(1.002) 
cos (—25.3)-+(0.362—0.067) X 
sin (—25.3) ](—0.0250) = —0.0197 


[((1+0.362 X0.067) x 


Results 


For the American Gas and Electric 
System, the two most important periods 
relative to economical loading are the 
Band D, Consequently, these loadings 
were chosen as base conditions to study 
the effects of the variations in load pat- 
tern and in generator bus voltages, 


Figure 12. Variation of Twin Branch reactive megavolt amperes 


with megawatts 


200 220 240 260 260 300 320 340 360 380 400 420 440 460 
PHILO GENERATION -MW 


angles, and power factors upon the re- 
sults obtained by the loss formula. The 
generation schedules for the,B-1 and D-1 
base cases are tabulated in Table V. A 
comparison of R,-» and By» for the two 
base cases is given in Table VI. 

A comparison of the actual losses and 
the results from the loss formula for the 
probable economic generation schedules 
for A, B, C, D, and E loading conditions 
are given in Figure 8. As indicated by the 
points in the Figure, constants calculated 
from both the B-1 and D-1 cases were 
used in the loss formula. If a Brym cor- 
responding to the average of the Bam 
from both of these cases is used, the re- 
sults will lie midway between those 
shown in Figure 8. Inspection of Figure 
8 indicates that a single loss formula 
using the average B,, of the B and 
D loadings may be used to cover the en- 
tire daily load cycle. 

The discrepancies involved in the ap- 
plication of a given loss formula result 
chiefly from the following: 


1. Change in equivalent load current pat- 
tern. 


Table Vil. Per Cent Variation in Kw Load 


= <8 


Loading Period 


A B Ce) D E 
Indiana Division........ 21. ..20 cn 2Or rier ie 
Ohio Dreision.s..o3.cee 35...36...39...38...40 
Appalachian Division. ...32...33...31...35...34 
Ohio Edison Company...12...11...10...10... 9 


2. Change in generator Om/Pm. 
3. Change in generator angular position. 


4. Change in generator bus voltage magni- 
tudes. 


Change in Load Pattern 


The formula is derived assuming all 
equivalent load currents remain a con- 
stant complex proportion of each other. 
In actual hourly operation, the individual 
kilowatt loads of the Ohio Edison Com- 
pany and the three operating divisions of 
the American Gas and Electric Company 
do not remain a fixed per cent of the total 
combined kilowatt load. The variation 
in the loads represented in the simplified 
system are tabulated in Table VII. 

It will be noted that the R,-,, for the 
two cases in Table VI agree very closely, 
the discrepancy resulting largely from 
small changes in the relative complex 
magnitudes of the load currents between 
the D and B periods. Thus the effect of 
the variation in kilowatt load during the 
daily load cycle can be closely approxi- 
mated by assuming the equivalent load 
currents vary proportionally. 

However, in the case of strikes the load 
pattern may be changed considerably. 
Analysis indicates the most severe change 
in the load pattern to occur for a coal 
strike during the A loading condition and 
a steel strike during the D loading condi- 
tion. The results obtained are tabulated 
in Table VIII. 


Figure 13. Variation of Philo reactive megavolt amperes with mega- 


watts 
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ARBITRARY REFERENCE 
OINT 


TRANSMISSION *— 
NETWORK 


GENERATORS LOADS 


Figure 14. Schematic diagram of power sys- 
‘\tem (Reference Frame 1) 


Effect of Swinging Blocks of 
Generation 


The discrepancies encountered in the 
application of the loss formula when 
swinging large blocks of generation are 
largely the result of changes in the Q/P 
ratios and angles of the generators. To 
illustrate these discrepancies, large blocks 
of power were swung between the rela- 
tively high cost generation at Twin 
Branch and the relatively low cost genera- 
tion at Philo. The results are shown in 
Figures 9 and 10 for the B and D loading 
period respectively. To check the as- 
sumption that the Q/P ratios of the 
generators remain constant the variation 
of the generator reactive as a function of 
generator megawatts was plotted for each 
plant for the various system operating 
conditions. Typical results for the Twin 
Branch and Philo plants are plotted in 
Figures 12 and 13. Operation for the 
constant Q/P assumption is indicated by 
a broken diagonal line extending from 
the origin. 

If the diagonal B,,, terms are corrected 
for the changes in Q/P ratios of the indi- 
vidual generators the results obtained 
from the loss formula agree more closely 
with the actual losses as indicated in 
Figure 11. For the cases of Figure 11, 
it was only necessary to correct the Byy, 
terms corresponding to Twin Branch and 
Philo since the Q/P ratios of the other 
sources remained essentially constant. 
Inspection of Figure 11 indicates the ef- 
fect of the changes in generator angles to 
be of minor importance. 


Variation of Voltages 


The results indicate that the variation 
of generator voltages over the daily load 
cycle have a second order effect on the 
accuracy of the loss formula. 


Conclusions 


1. An improved method of obtaining a 
loss formula has been presented which in- 
volves considerably less measurements and 
computations than the methods previously 
described in the literature. 


2. The loss formula obtained by averaging 
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the B and D loading By is applicable for: 
a. A normal variation in load pattern as 
during the daily load cycle, and 
b. Normal variations in generator bus 
voltage and angle and moderate varia- 
tions in generator Q/P ratios. 


3. For extreme swings in generation, it 
may be necessary to correct the diagonal 
Bnn terms for large variations in generator 
Q/P ratio for more accurate results. 


4. For large variations in load pattern 
such as strikes, it may be necessary to de- 
termine a separate loss formula. 


Appendix |. Summary of 
Derivation 


In the following analysis, the lower case 
indices 2, m,j, and k are tensor indices, and 
the capitals Gand L are identification in- 
dices. Whenever a repeated tensor index 
appears in a product (one upper and the 
other a lower index) a summation on that 
index is indicated. (This is the Einstein 
summation convention.) For example 


Gp Lan= nil 
is equivalent to 


K 
On= ZZ en—rl 
kK 


Measurement Reference Frame 
(Reference Frame 1) 


In general, the operation of a power sys- 
tem may be given by the following set of 
linear equations: 


E, =Z,10: 


yam glk 
or 
Eoan—Er |_| Zen-am _| Zen-1x (10) 
Er; —Ep Liga Gm Life Lk 


REFERENCE POINT GROUNDED 


Zemzem=EGm ZUj-Gm*ELj 
REFERENCE POINT GROUNDED 


Z6n-Lk *EGn ZLk-Lk 7ELk 


Zj-Lk EL; 


Figure 15. Definition of impedances 
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Table VIII 


Losses 
From Loss Formula 
D-1 B-1 
Losses Aver- Load- Load- 
By age ing ing 


Case Ik?Rk Bnm Bnm Bnm Comments 


A-2...80.0. .67.9. .66.6..69.2..Coalstrike—ap- 
proximately 
185 mw less 
load in Appa- 
lachian Divi- 
sion 

..ol,4, 31.2. .Steel  ‘strike— 
100 mw less 
load in Can- 
ton 


where the variables are defined in Figure 
14. The reference point R is usually chosen 
to be one of the major generators. The 
Zy, impedances are defined as shown in 
Figure 15. 


Reference Frame 2 


It is known in gencral that if a set of cur- 
rents I’ is related to a set of currents I* by 
a tensor C;’ such that 


P=C,/1* (11) 
and if the power remains invariant, 
then 
Ey, = Cy! *E; (12) 
and 
Zick = Cy *Zjg Cy (13) 
Define 
pil* =4P (14) 
k 
Assume that 
jue y 
ea =/ (15) 
Then 
gam 1 
| iE (16) 


HYPOTHETICAL 
LOAD 


Figure 16. Equivalent circuit from generators 
hypothetical 
Frame 3) 


to single load 3 (Reference 


HYPOTHETICAL 
LOAD 


Figure 17. Equivalent circuit with impressed 
generator powers (Reference Frame 6) 
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(17) 


[i= C,11? 


(18) 


Applying the transtormations indicated 
by equations 11, 12, and 13 


(ears 
| ereeveeaomne 


Egn—En |_| Zon-em | _ (19) 
E,—Er bm w 
where 
an=Zon-l* (20) 
bm =V*Z14- Gm (21) 
w=l*Z75_ 1," (22) 
E,=\*E1; (23) 


Reference Frame 3 
Since 
j= — rim 
n 


the load current may be eliminated by the 
transformation 


2 = C,218 (24) 
where 

“Gm 
=| Fea |. = (25) 
and 


qom is il 06) 
ah sp ( 


where tm=—1 for all m. Thus, 
1 
C= (27) 
tin 
Applying transformations indicated by 


equations 11, 12, and 13 


| Gm 


[Ea=E]=[Cacon—emin ted (28) 
=| Zn—m { | 4am | 


The equivalent circuit corresponding to 
the preceding equation is given in Figure 16. 
The power losses in this equivalent circuit 
are ° 


(29) 


Picsses =real part of 1°"*Z,_ i” 


aa Repu ae mit 
i CXG ea m — Xmne nine (30) 
where 


Zam=real part of yenerator current m of 
base case 

igm =imaginary part of generator current m 
of base case 


In general, Xn-m—Xn-m is negligibly 
small. Thus 
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Priosses = RAS te AF Rn mi” (31 ) 


The asymmetrical Rr-m in equation 31 
may be replaced by the symmetrical Ry—m. 
Then from equations 20, 21, and 28 


Symmetrical Rr—m 
Zn—-mt+Zm—n 


=real part of 5 (32) 
= Ren_gm—dn—dn+w' (33) 
where 
glk 
dm =real part of 5a Rix-em (34) 
w’=real part of w (35) 


The losses in the transmission network 
may be obtained by summing the [?R losses 
in each line. 

Thus 


Procses = Dtk2Rk (36) 
k 


Rx = Resistance of line k , 
ix =Scalar current in line k 


Equating equations 31 and 36 and using 
equation 33 
Lin? Re = qm Ren- Gm —_ dn is dn +w')i@™+ 
E ""(Ren—am —dn—dn t+w’)i” 

(37) 
Solving for w’ 


_Din*Re—i"(Ron—am—dn— dm i” — 
aan 42" Ren Gm —dn—dm)i” 


“L 5 E 3 
BO Sn he” ie imi” 


(38) 


where 6mn=square matrix all of whose 
elements are unity. 


Transformation from Frame 3 to 
Reference Frame 6 


It is next necessary to obtain the equiva- 
lent circuit with impressed powers instead 
of impressed currents as indicated in 
Figure 17. That is, it is necessary to ex- 
press the generator impressed currents 
j2m47j9™ in terms of generator powers Pm. 
By application of transformations C,? of 
the companion paper,® equation 31 of this 
paper may be written 


Pics =D En Brien (39) 
mn 
1 
Baum =Bmnn = Wave {1 +5mSn) X 


COS Omn+(Sm—Sn) Si0 Omn|Rn—-m (40) 


The Rrn-m of equation 40 is the symmetrical 
Rn—m given by equation 33. Also 


inet of generator m from base case 
Pm 
6m =angular position of generator m from 
base case ; 
Qm=reactive power of generator m from 
base case 


Vm =voltage of generator m from base case 
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Discussion 


E. E. George (Ebasco Services Inc., New 
York, N. Y.): This paper contributes sev- 
eral new improvements on previous methods 
of loss determination: 

1. It uses a normal load flow condition 
instead of an equal-angle condition to deter- 
mine basic losses, thus preserving normal 
voltage levels. 

2. It selects typical load levels to represent 
the daily load curve. 

3. It analyzes the effects of each simplifying 
assumption. 

4. It permits more general assumptions 
about system operation than are possible 
with previous methods. 

The authors refer to open-circuit imped- 
ance measurements of the transmission 
system as a new method. Both J. B. Ward 
and the discusser have used this method in 
place of the old superposition method since 
early in 1950. Although nothing has been 
published in AIEE literature, this imped- 
ance measurement method has been used 
on the network analyzers at Lafayette, 
Pittsburgh, Schenectady, Atlanta, and 
College Station during 1950. 

The method of computation used by the 
authors is apparently very similar to that 
used by Ward, and it is simpler than the 
equivalent star network with mutual imped- 
ances used by the discusser. 

In spite of efforts to popularize tensor 
algebra, it is still an unknown shorthand to 
most power. engineers, young and old. 
Fortunately, the authors have confined it 
to the Appendix. Additional explanation of 
tensor index notation would be helpful. 


L. K. Kirchmayer and G. W. Stagg: We 
wish to thank Mr. George for his comments 
on our paper. Regarding the second and 
third paragraphs of Mr. George’s discussion, 
we have the following comments: 

The use of open circuit impedance meas- 
urements of a given network to determine 
self and mutual impedances, from several 
points of entry to a given point, is well 
known in circuit analysis. The authors do 
not refer to the use of open circuit imped- 
ance measurements as a new method; how- 
ever, the use of the particular open circuit 
measurements described in the paper in con- 
junction with normal load flow data to ob- 
tain a loss formula is, to our knowledge, a 
new method. 
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Since the methods of Ward and George 
have not» been published, we are not in a 
position to make a detailed comparison of 
their method with ours; however, according 
to conversations we have had with Ward 
and Hale early this year (1951), the imped- 
ance measurements we suggest are different 
from those used by Ward. Ward’s method 
does not use measurements of the mutual 
impedances between generators and loads 
asin Table II of our paper. In addition, it is 
our undérstanding that the method pro- 


posed by Ward assumes that all lines have 
the same R/X ratio, and involves the 
determination of an equal angle load- 
ing condition by means of a superposi- 
tion method. To the best of our knowledge 
the calculations suggested by Ward and 
Hale differ in several other important re- 
spects from those proposed in our paper. 
Transmission loss formulas have proved 
to be very valuable tools in the economic 
analysis and operation of power systems. 
In particular, transmission loss formulas 


have been used to advantage in the following 
manner: 

1. To co-ordinate incremental fuel costs 
and incremental transmission losses for opti- 
mum economic system operation. 

2. To determine the change in trans- 
mission losses under different interconnec- 
tion transactions for purposes of billing. 
These changes in losses can be evaluated 
by means of a total system loss formula in 
which the various external interconnections 
are included as specified variables. 


Inhibited Oils for Transformers 


HERMAN HALPERIN 


FELLOW AIEE 


NSULATING oil plays an important 

role in the operation of the equipment 
of an electric utility, but its cost consti- 
tutes only a minor portion of the total 
investment in equipment. In the Com- 
monwealth Edison Company, there is on 
the average 0.6 of a gallon of oil in oil- 
filled transformers and associated regula- 
tors and circuit breakers for each kilovolt- 
ampere of transformer capacity. For 
each kilowatt of generating capacity, 
there are about 4 kva of connected trans- 
former capacity on the basis of nameplate 
ratings. Therefore, for each kilowatt of 
generating capacity the system uses 2.4 
gallons of insulating oil, exclusive of oil in 
cable systems. The cost of the oil in the 
transformers, circuit breakers, and regu- 
lators represents only about 2 per cent of 
the total installed cost of this equipment. 

In view of the importance of oil in the 
operating performance of expensive equip- 
ment and of its relatively low cost, the 
continued efforts over the years to obtain 
improved oil have been well justified. 
Recognition of the need for better oils 
was the reason for initiating a research 
project on Insulating Oils and Cable 
Saturants in 1935 at the Massachusetts 
Institute of Technology. This work was 
conducted with support from electric- 
utility companies, equipment manufac- 
turers, and oil refiners, and under various 
sponsorships, including the AIEE. The 
project was discontinued in 1943 on 
account of war requirements. 

The interest in obtaining transformer 
oil with improved resistance to oxidation 
received new impetus at the end of World 
War II when system loads began to in- 
crease rapidly and higher unit costs for 
equipment accentuated the need for 
greater loading of equipment. For the 
Commonwealth Edison Company, the 
ratio of maximum loading to nameplate 
ratings has been increasing during the 
past 15 years. For example, the average 


1951, VoLumME 70 


H. A. ADLER 


MEMBER AIEE 


of the annual peak loads of the 4-kv dis- 
tribution transformers was 30 per cent 
higher in 1949 than in 1939. The ratio of 
this average to the nameplate ratings was 
95 per cent in 1949. For 12/4-kv sub- 
station transformers, the load hasincreased 
on the average about 15 per cent in the 
last five years, and now the ratio of peak 
loads to nameplate ratings is over 80 per 
cent on the average. In this case, as 
well as for distribution transformers, 
emergency loading is not considered. 

It is estimated that in the past 15 
years, the top oil temperatures have risen 
on the average by 5 to 18 degrees centi- 
grade, depending on the type of trans- 
former and the nature of service. As- 
suming that the rate of deterioration 
doubles for about each 8 degrees centi- 
grade, such increases in temperature 
would mean a reduction in oil life of 30 to 
75 per cent. Additional life is consumed 
in connection with loading at still higher 
temperatures during emergencies caused 
by failures of parallel-connected equip- 
ment. 

It is estimated that with loading as it 
existed in the 1930’s, the average oil life 
was 10 to 15 years in unprotected trans- 
formers (air in direct contact with oil in 
the transformers), and 15 to 25 years in 
conservator-type and semisealed trans- 
formers. These estimates apply to the 
original oil placed in the transformers 
when new. It has been observed that 
when change of oil was necessary due to 
excessive deterioration in service, the life 
of the replacement oil was much shorter; 
in some cases only half as long as the 
original oil. This was due to the effect of 
residual deterioration products in the 
insulation which could not be completely 
removed when the oil was replaced. 

It is apparent that with the present and 
expected future loading, a considerable 
increase in the frequency of changes of 
conventional oil must be expected. This 
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would cause a large increase in problems 
of oil handling and transformer mainte- 
nance, and a consequent large increase in 
maintenance costs. In connection with 
the latter point, the cost of the oil itself 
is only a portion of the cost of oil replace- 
ment, which involves in addition cost of 
labor, testing, and transportation. Since 
much of the replacing of oil has to be done 
during periods of low load, a decrease in 
the needed frequency of replacements is 
desirable. Another factor worth con- 
sideration is the possibility of service 
failures occurring in old deteriorated 
transformers as a consequence of the 
handling necessary for cleaning and 
changing oil. Therefore, an oil with im- 
proved aging characteristics may readily 
be attractive from both economic and 
operating standpoints, even if it is some- 
what more expensive than ordinary oil. 

In view of-these considerations, an im- 
mediate interest developed in inhibited 
oil when it became commercially avail- 
able in 1946. A program of tests was 
initiated at that time to determine the 
extent of the superiority of inhibited oil 
over conventional oil. The first and most 
direct interest in inhibited oil was for use 
as replacement oil in transformers in serv- 
ice where excessive deterioration made 
replacement of oil necessary. For this 
reason, the first set of heat-aging tests was 
made on transformers representing unpro- 
tected transformers. 


First Series of Transformer Tests 


The first test setup consisted of four 
2,170-120/240-volt distribution trans- 
formers. Two were new 15-kva trans- 
formers, the other two were old 10-kva 
transformers which had been in service 
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Figure 1. Sludge content of oil in first series of transformer tests 
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Figure 2. Neutralization number of oil in first series of transformer tests 
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Determinations in accordance with ASTM D663-46T4 
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for about 22 years. For one of the new 
transformers, the free conventional oil 
was merely drained and replaced by 
inhibited oil A. 

The old transformers were recondi- 
tioned in accordance with usual proce- 
dures. The reconditioning process~con- 
sisted of removal of the core and coils 
from the case, cleaning and flushing of the 
core and coils with clean oil. A consider- 
able amount of sludge was, however, still 
in evidence on the core and coils. Then 
one transformer was filled with conven- 
tional oil and the other one with inhibited 
oil A. 

The pair of old transformers was in- 
tended to give information on the perform- 
ance of replacement oil in transformers 
on the system. The pair of new trans- 
formers was expected to give comparable 
information on oil in new transformers 
which may not be effectively protected 
from air throughout their lives. In order 
to represent conditions in unprotected 
transformers, access of air to the oil was 
permitted by leaving the covers resting on 
the top of the transformer cases without 
being bolted down. This permitted some 
breathing, and not an unrestricted access 
of air which would have existed if the 
covers had been propped up or completely 
removed. 

In these aging tests, the transformers 
were operated with a top oil temperature 
of 90 degrees centigrade. From August 
1946 to November 1946 a continuous top 
oil temperature of 90 degrees centigrade 
was maintained. From November 1946 
to October 1947 a cooling period of 64 
hours each week was introduced in order 
to provide for breathing action. Starting 
in October 1947, the weekly cooling period 
was cut down to 16 hours in order to 
accelerate the aging. The tests were 
terminated in February 1950, after 42 
months. 


The four transformers were installed 
in a closed celotex box 8 feet long, 28 inches 
wide, and 38 inches deep. In order to 
obtain closely similar operation, the pri- 
maries of each pair were operated in series 
with the secondaries short circuited. 
Balance was obtained by a lamp in paral- 
lel with the high-voltage winding of the 
transformer of each pair tending to show 
the higher temperature, the size of lamp 
being varied until correct balance was 
obtained. By this method it was pos- 
sible to maintain the same top oil tem- 
perature on all four transformers through- 
out the tests in spite of differences in 
amount of sludging. Temperatures were 
measured by thermocouples piaced about 
one inch below the surface of the oil in 
each transformer and in the air between 
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the two transformers at each end of the 
box. During the normal work-week, 
transformer currents were adjusted manu- 
ally as required to maintain proper 
temperatures. This setup proved ade- 
quate to maintain top oil temperatures at 
90 degrees centigrade within one degree 
with occasional slight adjustments of cur- 
rent to compensate for the seasonal 
changes in average room temperature. 
The celotex box was open during the cool- 
ing periods. 

Samples of oil were taken after 3, 6, 12, 
18, 24, 37,and 42 months. The sampling 
procedure was essentially in accordance 
with the methods recommended in a 
standard by the American Society for 
Testing Materials (ASTM) D923-49.1 
Following the removal of the 24-month 
samples, two gallons of oil were added to 
each of the 15-kva transformers and 11/2 
gallons to each of the 10-kva transformers 
to make up for the loss due to the various 
samplings. Following the removal of the 
37-month samples, two quarts of oil were 
added to each of four transformers. 


In the Commonwealth Edison Com- 
pany, the serviceability of transformer oil 
on the system is judged mainly on the 
basis of sludge content and acidity of the 
oil as determined by tests of oil samples 
periodically removed from the trans- 
formers. Oil is considered to have 
reached the end of serviceability if the 
sludge content reaches 0.015 per cent by 
weight, or if the neutralization number 
reaches a value of 0.6 milligram KOH per 
gram of oil. Many years of experience 
have led to the conclusion that on the 
basis of these criteria it is possible to re- 
move oil from service before the trans- 
formers reach a serious degree of deteriora- 
tion. However, no claim is made that 
after these limits have been passed there 
is a direct correlation between acidity and 
sludge content of removed oil samples 
and the condition of the transformer. 


The change of these two properties 
during the aging tests is shown graphi- 
cally in Figures 1 and 2. The limits of 
serviceability are indicated by horizontal 
lines on the graphs. The conventional 
oil reached the end of serviceability on the 
basis of sludge content before the limit for 
neutralization number was reached. The 
inhibited oil reached the limits for sludge 
and for neutralization number at about 
the same time. The conventional oil 
reached the end of its useful life after one 
year in the old transformer and after 
about 14 months in the new transformer. 
The inhibited oil reached the end of its 
life after about 27 months in the old 
transformer and after about 40 months in 
the new transformer. 


1951, VoLUME 70 


Table |. 


Comparison of New Inhibited Oil A with New Conventional Oil in Short-Time 


Laboratory Tests* 


Ratio of Life of 
Inhibited Oil 


Inhibited Conventional to Life of 
Test Method OIA Oil Conventional Oil 
Proposed ASTM Transformer Oil Oxidation Test at 
95 C (TOOT) ** 
Life to reach interfacial tension of 15 dynes/em, days....107 .......... Gi tae cera eycramiprec piers 18 
Life to reach NN of 0.5 milligram KOH/g, days......... 101 pais 14 
Modified Continental Oil Co. Test at 135 C 
Time for oxygen pressure to drop 60 millimeters, hours... 67.5..........6.8 .....0..0.00-0 10 
Modified Dornte Test at 120 C 
Time to absorb 650 milliliters of oxygen per 100 grams 
CLOUT DOMES vc antye ee ete pee Bente ss Aish Conte wie nts wis a US Geo lee iege ca e's C1 A SAP Par neetenct 14 
ASTM Bomb Test 
Sludge by weight, percent... ..0ii6. coe lee wee ey, 8 . 0.02 
ASTM Sludge-Accumulation Test 
Sludge by weight, per cent 
SHCA VICES ES bare we ca ool nara orae eee Sree he cheese he 0 0.01 
CPE A RS  eo ok Ori Brg OR RP CCIE PRED REE A trace 0.05 
NEAR VIEOSE ic, casi ces ioichnion ar dhate «cveleieneie moarnatie lors crersyonncd trace 0.19 


*Oils were furnished in 1946. 


NN = Neutralization Number. 


**Proposed method under study by ASTM Committee D-9 Subcommittee IV. 


On this basis, the life of inhibited oil A 
can be expected to be twice the life of 
conventional oil when used as replacement 
oil in old transformers of the unprotected 
type. In new transformers of the unpro- 
tected type, the ratio is about three to 
one. Since, as stated before, the make-up 
oil was added after the 24-month sam- 
pling, the ratio of two to one for oil in old 
transformers is not affected by the addi- 
tion of new oil. The ratio of three to one 
for the oil in new transformers may be 
somewhat affected, however, by the addi- 
tion of make-up oil. 

In accordance with service experience, 
Figure 1 shows a shorter life of conven- 
tional oil when used as replacement oil in 
old transformers than when used in new 
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transformers. Inhibited oil A shows a 
similar behavior. 

It is impossible to determine a definite 
relation between the life of oil in these 
aging tests and life in service on account 
of the variety of loading conditions and 
types of service. It is estimated that one 
year of life in these tests represents ap- 
proximately five to 20 years of life in serv- 
ice. On this basis, the life of inhibited 
oil A would be about ten to 40 years, 
depending on operating conditions, when 
used as replacement oil in old unpro- 
tected transformers. 

These transformer tests were designed 
to give information on the performance of 
the oils under conditions of accelerated 
aging in unprotected transformers, but at 
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Figure 3. ASTM sludge accumulation test for inhibited oil in first series of transformer tests 
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Figure 4. Power factor at 100 degrees centigrade of oil in first series of transformer tests 
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Figure 5. D-c conductivity at 100 degrees centigrade of oil in first series of transformer tests 
Calculated from resistivity determined according to ASTM D957-49T® 


the same time not too much different 
from service conditions. The superiority 
of inhibited over conventional oil in these 
accelerated transformer tests, while sub- 
stantial, is not so great as indicated by 
some of the highly accelerated short-time 
laboratory tests. Table I gives a com- 
parison of inhibited oil A with conven- 
tional oil on the basis of such short-time 
tests, and shows for inhibited oil A, a life 
10 to as much as 18 times the life for con- 
ventional oil. It is believed that the 
accelerated-aging tests in transformers 
give a more realistic idea of the superi- 
ority of inhibited oil than the short-time 
laboratory tests. 


The opinion has been expressed that 
the deterioration of some inhibited oils 
will take a sharp upturn when the inhibi- 
tor has been expended. This is confirmed 
by the data in Figures 1 and 2. There 
appears to be, however, no reason for 
concern, since oil would not be allowed to 
remain in transformers to this stage of 
deterioration. As with conventional oil, 
it is planned to continue periodic tests of 
samples of oil in service and to remove the 
oil from the transformer when it ap- 
proaches a critical value. The ASTM 
sludge-accumulation test and the ASTM 
bomb test, while not originally designed 
for this purpose, appear to be useful 
criteria to predict the approaching end of 
the inhibition period. 

Figure 3 shows the results of the ASTM 
sludge-accumulation test during the vari- 
ous stages of the transformer oxidation 
tests. Samples of inhibited oil removed 
from old transformers began showing 
appreciable sludge in the 3-day test after 
two years of aging, indicating that the 
inhibitor had been completely or almost 
completely used up at that time. The 
7-day test gave a warning after 18 months. 
For the new transformer, the inhibited oil 
began showing sludge in the 3-day test 
after 37 months of aging. The amount 
was small, but it was appreciable in the 
7-day test. It may be assumed, there- 
fore, that the inhibitor was nearly used up 
after three years of accelerated aging. 


The results of the ASTM bomb test 
present similar conclusions with regard 
to the end of the inhibition period. The 
sludge values in this test were very low 
for the inhibited oil until a sharp upturn 
occurred after two years of aging in the 
old transformer and after three years of 
aging in the new transformer. In the old 
transformer, the bomb sludge value was 
0.023 per cent after 18 months and 5.7 
per cent after two years. Similarly, in 
the new transformer the bomb sludge 
value was 0.006 per cent after two years 
and 5.1 per cent after three years. 
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In general, it should be expected that 
any accelerated laboratory test should 
be a quite sensitive indicator of the point 
where the inhibitor has been used up. 
For example, in agreement with the re- 
sults of the ASTM bomb test and the 
ASTM sludge-accumulation test, the 
Modified Continental Oil Company test 
showed that the inhibitor had been nearly 
expended after three years of aging in the 
new transformer. The 3-year sample 
had a test life of only one hour in the 
Modified Continental Oil Company test, 
compared with 67.5 hours for the new oil 
as shown in Table I. All available data 
indicate that such tests will predict the 
approaching end of the inhibition period 
long before actually serious deterioration 
of the oil occurs and, therefore, will allow 
ample time for removal of the oil. 

Other tests made periodically during 
these transformer-aging tests confirm the 
superiority of inhibited oil over conven- 
tional oil, such as measurements of power 
factor, d-c conductivity, and interfacial 
tension, as shown in Figures 4, 5, and 6. 
The latter test has been under investiga- 
tion for some time by the Commonwealth 
Edison Company as an additional cri- 
terion of oil in service. Some investiga- 
tors have suggested that oil be considered 
to be in a critical condition when the 
interfacial tension falls below 15 dynes 
per centimeter. The conventional oil 
reached this limit after six months of 
tests of the old and new transformers, 
while the inhibited oil fell below this 
limit after two years or more of aging. 
After completion of 42 months of the 
aging tests, the inhibited oil in the new 
transformer was yellow, while that in the 
old transformer was reddish-brown, and 
the conventional oil in both transformers 
was nearly black. 

These additional data in the tables and 
figures support the conclusion given 
earlier that the life of inhibited oil was 


Table Il. Heat Run on 15-Kva Unprotected 
Transformers* After Completion of 42 Months 
of Aging Tests 


—==—= —— 


Temperature Risef, 


Ler 
Inhibited Conven- 
OIA tional Oil 
High voltage winding (avg)**....50........ 113 
Low voltage winding (avg)**..... EY ir nour 90 
NE ie sPaie si5io:9-0),0\0\s acm Peis, 2 o\e Se deaare 46 


*Transformers were new at start of aging tests. 
These measurements were obtained in accordance 
with standard temperature test by opposition 
method, ASA C57.22.2 

+Ambient in tests was 22 or 23 degrees centigrade; 
allowable maximum ambient according to AIEE 
Standards is 40 degrees centigrade. 

**Maximum rise permitted by AIEE Standards is 
55 degrees centigrade for new transformers. 
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Figure 6. 


Interfacial tension of oil in first series of transformer tests 


Determinations in accordance with ASTM D971-507 


twice the life of conventional oil in the 
old transformers and three times that in 
the new transformers. 

At the end of these aging tests, the two 
15-kva transformers were subjected to a 
heat run at rated current in order to deter- 
mine temperature rises. The results are 
shown in Table II. The rises for the 
transformer with inhibited oil are as 
would be expected for brand new trans- 
formers. The temperature rises of the 
windings for the transformer aged with 
conventional oil were twice those obtained 
in the test with inhibited oil, obviously 
due to the clogging of oil passages by 
sludge. 

These results clearly illustrate a very 
important advantage of inhibited oil that 
by preventing the formation of sludge, 
transformers may be operated at heavy 
loads without the likelihood of reaching 
excessive temperatures. 

On the other hand, for a given permis- 
sible length of oil life, higher operating 
temperatures are permissible far inhibited 
than for conventional oil on account of 
the difference in rate of deterioration. 
Of course, in any increase of the operating 
temperature of transformers, considera- 
tion must be given to the performance of 
other constituents, especially of the solid 
insulation, in connection with their own 
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heat-aging characteristics as well as the 
effects of oil-deterioration products on 
them. 

While Table II shows different top oil 
temperatures for the transformers at the 
same load, it should be noted that in the 
aging tests the top oil temperatures were 
kept at 90 degrees centigrade within one 
degree for each transformer as stated 
earlier in the paper. Therefore, in spite 
of the sludging the test was not acceler- 
ated on account of temperature increases. 

After completion of the aging tests, the 
transformers were dismantled for inspec- 
tion. Figure 7 shows the appearance of 
the new 15-kva transformer with inhib- 
ited oil after 42 months of aging. While 
the details are not very clear, the ab- 
sence of sludge is evident, as was found by 
personal inspection. The oil ducts are 
unobstructed. The comparable trans- 
former with conventional oil was heavily 
sludged and the oil ducts were completely 
obstructed, as shown in Figure 8. There 
was a considerable difference in appear- 
ance also in the old 10-kva transformers 
at the end of the aging tests. The old 
transformer aged with inhibited oil 
showed some sludging, but the oil chan- 
nels were still unobstructed. The old 
transformer with conventional oil was 
very heavily sludged, more heavily than 
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New 15-kva distribution trans- 


Figure 7. 
former with inhibited oil after 42 months of 
aging tests 


Arrows show free oil channels 


the new transformer, and the channels 
were completely clogged. 

The results of these visual examinations 
and of the heat run are of special impor- 
tance, because they represent the condi- 
tion of the transformers after the inhibitor 
was used up and after a period of opera- 
tion beyond the permissible service lim- 
its. In spite of such operation in excess 
of the limits which would be permitted in 
service, the condition of the transformers 
with inhibited oil was satisfactory, espe- 
cially for the 15-kva transformer, 

On the basis of the results of this first 
series of tests, the Commonwealth Edison 
adopted, early in 1950, the 
general practice of using only inhibited 
oil as replacement oil for all transformers 
where the condition of the oil required its 
removal from service. This was put into 
effect in July 1950. In order to have 
only one oil in stock, inhibited oil is being 
used ag replacement oil for circuit break- 
ers and other equipment using trans- 
former oil, 


Company 


Second Transformer Test Setup 


While the first investigation demon- 
strated the advantages and need for in- 
hibited oil for use as replacement oil for 
existing transformers, the question still 
remained unsettled as to whether the use 
of inhibited oil would be justified for new 
modern transformers, Most of the exist- 
ing transformers are of the unprotected 
or conservator type, while in modern 
transformers the oil is completely or 
partly protected from contact with air, 
For this reason, a second transformer 
setup was built to simulate the perform- 
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ance of the oil in completely-sealed nitro- 
gen-blanketed transformers and in con- 
servator-type transformers. For this pur- 
new 15-kva distribution transform- 
Half of the transformers 
were sealed with a nitrogen blanket over 
the oil, The others had expansion 
chambers simulating conservators. The 
expansion chambers were so designed that 
the ratio of the oil surface exposed to air 
to the volume of oil in the transformer 
was of the order of the ratio found in ac- 


pose, 
ers were used. 


tual service. 

Increased interest in inhibited oils had 
deyeloped by the time this second setup 
was planned in 1948. ‘Three large trans- 
former manufacturers had been kept in- 
formed of the progress of the first series of 
tests by reports and discussions. As a 
consequence, they expressed an interest to 
participate in the second series of tests by 
contributing various inhibited oils. The 
characteristics of these oils, as determined 
by short-time laboratory tests, are shown 

1 Table III. Oil J7 was conventional, 
noninhibited transformer oi]. Oil F was 
similar to inhibited oil A in the first series 
of aging tests, but was inferior to it due to 
accidental contamination. Figures in 
parentheses show test results of a more 
representative oil of this type. It may 
be seen that some of the other inhibited 
oils showed little superiority to conven- 
tional oil in these short-time tests. 

The transformer setup, as finally con- 
structed, contained ten transformers with 
four inhibited oils selected from the six 
submitted and one conventional oil. 

The second series of transformer-aging 
tests was run at a top oil temperature of 
95 degrees centigrade. This increase of 
5 degrees centigrade over the previous 
test temperature was adopted to acceler- 
ate the aging, because it was anticipated 
that the duration of the tests would be 


Table Ill. 


lengthened considerably by the protec- 
tion given the oil in this setup. The Cr- 
rent was interrupted each week fot 16 
hours in order to create a breathing ac- 
tion. The tests were started in August 
1948 and terminated in May 1950, after 
21 months of operation, because leaks 
had developed in the bushings of most of 
the transformers. 

This investigation did not last long 
enough to furnish definite conclusions. 
The results showed a number of inconsist- 
encies which were probably due at least 
partly to the disturbing effects of the 
leaks. All conservator-type transform- 
ers lost oil through leaks with the result 
that 6 to 21 quarts of new oil had to be 
added to make up for the lost oil. 

One interesting result of these tests was 
the indication given for the effectiveness 
of conservators and nitrogen blankets in 
retarding deterioration of oil. In spite 
of the fact that the tests with conserva- 
tor-type and sealed transformers were 
run at higher temperatures, the conven- 
tional oil showed less deterioration than 
in the unprotected transformer in the first 
series of aging tests. 


Third Transformer Setup 


When the aging tests of various oils in 
the second transformer setup were dis- 
continued, it was decided to build a simi- 
lar setup on account of the important in- 
terest in the value of inhibited oil in mod- 
ern transformers. In order to avoid 
leaks, it was decided to replace the gasket 
seals by solder seals and the gasketed 
compound-filled bushings by special sol- 
der-sealed glass bushings. Figure 9 shows 
this new test setup without the celotex 
housing. 

In October 1950, several manufacturers 
of transformers announced in a meeting of 
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former Tests 
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the Edison Electric Institute that they 


had decided to use inhibited oil. All 
stated that they would use DBPC (di- 
tert-butyl-para-cresol) as the inhibitor in 
commercial production. This inhibitor 
is chemically identical with the inhibitor 
which was used in the inhibited oil in the 
first series of transformer tests and in one 
or two oils of the second series. However, 
the various inhibited oils are not necessar- 
ily identical, because the base of the oils 
and the degree of refining might be dif- 
ferent. It is of interest to note that this 
inhibitor was one of those studied in the 
research project at the Massachusetts 
Institute of Technology mentioned earlier 
in this paper. 

With this new policy of the transformer 
manufacturers, most of the oils used for 
the second transformer setup became ob- 
solete. It was decided to use, in the third 
setup, the oils embodying the latest ideas 
for inhibited oils. Table IV shows the 
results of short-time tests for these oils 
which are, on the whole, better than found 
for the 1948 samples. (In February 
1951, some of the manufacturers sus- 
pended, partly or completely, the furnish- 
ing of inhibited oil in new transformers, 
mainly because of a shortage which de- 
veloped in the supply of DBPC incidental 
to defense needs.) 

The aging tests of the third transformer 
set up were begun in February 1951 and 
are expected to continue for several years. 
Provisions have been made to obtain pe- 
riodic oil samples in small quantities with 
a minimum of disturbance. Since the 
size of the samples will be much smaller 
than for the previous setups, it is expected 
that little or no make-up oil will need to 
be added to the transformers. As in the 
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Figure 8. New 

15-kva_ distribu- 

tion transformer 

with conventional 

oil after 42 

months of aging 
tests 


Arrows show 
clogged oil chan- 


nels 


Figure 9. Setup 
for third series of 
transformer tests 


Six transformers 
have conservator- 
type 

, ; 
chambers and 
four transformers 
with 


expansion 


are sealed 
nitrogen above 
| 


moved for picture 


second series of tests, the transformers 
operate at a top oil temperature of 95 de- 
grees centigrade with a 16-hour cooling 
period once a week. While this tempera- 
ture provides an acceleration of the aging 
it is considered not so high that it would 
produce in the oil or in the solid insulation 
processes of deterioration different in type 
from those expected in service. Paper 
tapes were suspended in the oil in the 
transformers, in order to compare their 
mechanical strength after completion of 
the aging tests with initial results. 

This project is of a co-operative nature, 
and the suppliers of the oil samples will be 
given progress reports. 


Mixing of Oils 


Problems of mixing inhibited oil with 
other oils must be considered when adopt- 
ing the use of inhibited oil. Such prob- 
lems may arise in connection with work 
on transformers requiring the addition of 
make-up oil or in connection with limita- 
tions in storage facilities which, in some 
cases, may make it inconvenient to keep 
inhibited oil completely separated from 
conventional oil. Table V shows the 
stability of various mixtures of inhibited 


oil A with conventional oil as found in one 
set of laboratory tests. The data indi- 
cate that a small addition of conventional 
oil to inhibited oil will not seriously re- 
duce the life of the inhibited oil. A 50-50 
mixture had a life of less than a quarter of 
the life of the inhibited oil. The results 
of similar tests made by two other inves- 
tigators have been shown to the authors, 
and these data were about the same as 
those obtained in Chicago. 

These findings lead to the conclusion 
that relatively small additions of conven- 
tional oil to inhibited oil are not objection- 
able, but that from an economic stand- 
point, large additions of conventional oil 
should be avoided. From a_ technical 
standpoint, there appears to be no harm 
in any such mixture because its life will 
be still in excess of the life of the conven- 
tional oil, but greater watchfulness will be 
desirable to detect the end of the inhibi- 
tion period. 

There is no apparent objection to mix- 
ing the various inhibited oils used in this 
latest investigation, since the same pure 
chemical is presumably utilized as the in- 
hibitor in each instance. Therefore, the 
problem of compatibility should not arise 
for at least these oils. 


Table IV. Short-Time Laboratory Tests of Oils Submitted in 1950 for Third Series of Trans- 


former-Aging Tests 


Test 


Proposed ASTM Transformer Oil Oxidation Test at 95 C, TOOT 
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*All except oil N are inhibited oils. 
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Additions of Inhibitor to Oil by User 


Consideration has been given to the 
feasibility of adding inhibitor to new or 
reclaimed-used oil by the user. In nei- 
ther case was such a procedure found to 
be financially attractive. 

The premium paid for inhibited oil is 
not large enough to warrant the purchase 
of conventional oil and the inhibitor sepa- 
rately. The cost for the latter method, 
including fixed charges on mixing equip- 
ment and cost of labor, is about the same 
as the cost of inhibited oil as now com- 
merciaHy available. In addition, the 
mixing involves some inconvenience for 
the user, loss of time, and divided re- 
sponsibility. 

Studies have been made from time to 
time for Chicago conditions on the costs 
and problems involved in connection with 
reclaiming deteriorated oil removed from 
transformers. The latest study indicates 
that the total cost for reclaiming and in- 
hibiting deteriorated transformer oil is 
practically identical with the cost of new 
inhibited oil. This means that nothing 
would be gained in cost per year of serv- 
ice, even if the reclaimed and inhibited oil 
had the same life in service as the new in- 
hibited oil. This economic analysis of 
reclaiming and inhibiting old oil took into 
account the following factors: 


1. The charges for the necessary equip- 
ment and space. 


2. The costs of operating, testing, and 
labor. 


3. The costs of materials. 


4. Thesalvage value of the old oil for use as 
fuel oil. 


Use of Inhibited Oil in Circuit 
Breakers 


As stated before, inhibited oil has been 
adopted as replacement oil in circuit 
breakers in Chicago. This decision was 
reached as a matter of economy and expe- 
diency, in order to avoid the need of stor- 
ing and handling of two oils. 

Consideration was given to the suita- 
bility of inhibited oil for this use. From 
theoretical considerations, there should 
be neither much advantage nor disad- 
vantage in using inhibited oil in circuit 
breakers. Discussion of this problem has 
centered around the settling rate of car- 
bon. Some claims were made that the 
settling rate would be faster than for con- 
ventional oil because the inhibitor would 
retard the formation of oxidation prod- 
ucts and such products would have the 
effect of keeping colloidal particles such 
as carbon in suspension. Others claimed 


Table V. Oxidation Stability of Oil Mix- 


tures 
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Per Cent Per Cent Dynes/Cm 
100. stag oss: Cire caine wees 107 
OR kU carne son wis ces 104 
50. S6¥5,0°- BOs. cae ue Sy ears 24 
0 LOO Seance an coe 6 


inhibited oil could have a slower carbon- 
settling rate. This problem is not of very 
great importance for the Commonwealth 
Edison Company, because the circuit 
breakers are generally not subjected to 
reclosing duty except for 4-kv distribu- 
tion feeders. For the latter circuit 
breakers, there may be one or two reclos- 
ures after circuit breaker openings due to 
the occasional failures on, the outside 
plant. In addition, all types of circuit 
breakers are frequently inspected after 
opening faults. 

Test data made available to the authors 
for up to 100 interruptions of about 400 
amperes ina recloser showed higher dielec- 
tric strength and faster carbon-settling 
rate for an inhibited oil than for conven- 
tional oil. One equipment manufacturer 
expressed the opinion that inhibited oil 
with DBPC is satisfactory from a tech- 
nical angle for use in oil circuit breakers. 

Two years ago one industrial firm 
adopted the use of inhibited oil of type A 
for 12-kv circuit breakers. These circuit 
breakers operated frequently under over- 
loads and subjected the oil to severe oper- 
ating conditions and heavy carbon for- 
mation. The user has concluded from this 
and other operating experiences that in- 
hibited oil is satisfactory for such service. 
Several electric utilities have been using 
inhibited oil as replacement oil in some or 
all of their circuit breakers for a couple of 
years; and no adverse reports on operat- 
ing performance have been received. 


Summary and Conclusions 


1. Incerased loading of transformers has 
accentuated the need for improved insulat- 
ing oil, especially for replacement purposes 
for unprotected or partly protected trans- 
formers in service, 


2. Information on the performance of 
inhibited oils has been, and is being, ob- 
tained in accelerated heat-aging tests of 
transformers under reasonably severe con- 
ditions in regard to both temperature and 
duration of loading. 


3. Based on these tests of transformers, 
the service life of one inhibited oil in unpro- 
tected transformers has been indicated to be 
twice the life of conventional oil when used 
as replacement in old transformers. 
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4. This ratio becomes three to one for 
new transformers of the unprotected type. 


5. Laboratory tests on sama of’ oil, 
running from a few hours to several months, 
indicate 10 to 18 times as much life for one 
inhibited oil as for conventional dil. How- 
ever, the results of tests of oil in transformers 
extending over a period of years are con- 
sidered to be more reliable and realistic. 


6. Additional samples of inhibited oil 
representing present ideas of various trans- 
former manufacturers are under investiga- 
tion. Short-time tests have been cém- 
pleted and long-time tests in transformers 
are under way. 


7. From an economic standpoint, the use 
of inhibited oil is very attractive when re- 
placement of oil is necessary for trans- 
formers in service. 


8. Studies made for Chicago conditions 
show no financial advantage to the user for 
him to adopt the general practice of adding 
an inhibitor to new or reclaimed old oil. 


9. Sludging may lead to poor heat dissi- 
pation and excessive temperatures. The 
use of inhibited oil by preventing sludge 
formation permits heavy loading without 
the danger of excessive temperatures de- 
veloping. 


10. Due to the slower rate of deteriora- 
tion of inhibited oil, higher operating tem- 
peratures are permissible for the same oil 
life, provided other components of the 
transformer do not limit the maximum 
temperature. 


11. Available information indicates that 
inhibited oil is satisfactory for use in circuit 
breakers. 


12. The life of both inhibited oil and of 
conventional oil in modern protected trans- 
formers is expected to be longer than in un- 
protected transformers. Tests are under 
way to compare the performance of in- 
hibited oils in sealed nitrogen-blanketed 
and in conservator-type transformers with 
the performance of conventional oil. 
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Discussion 


Frank C. Doble (Doble Engineering Com- 
pany, Belmont, Mass.): The authors are to 
be congratulated for their excellent report 
on the results of their study which represents 
a great deal of work over a long period of 
time. 

While they state that DBPC is chemically 
identical with the inhibitor which was used 
in the inhibited oil in the first series of 
transformer tests (those in 1946) and in one 
or two oils of the second series (those in 
1948), as well as being one of those studied 
in the research project at the Massachusetts 
Institute of Technology from 1935 to 19438, 
it should be noted that considerable im- 
provements have been made in the manu- 
facture and degree of purity of DBPC dur- 
ing this period, resulting in extensive im- 
provements in its performance as an oxida- 
tion inhibitor for insulating oils. One effect 
of this improvement has been a decrease in 
the degree of refinement required to obtain 
a desirable receptivity of the oil to the in- 
hibitor. With the older type of DBPC it 
was necessary to refine the oil to the point 
where a sharp break occurred in the life 
characteristics of the oil following exhaustion 
of the inhibitor. This sharp break is quite 
evident in the curves shown in the paper 
which are based on the first series of trans- 
former tests. Oil inhibited with the DBPC 
now available exhibits a break equal to or 
better than uninhibited oil, thus increasing 
the period, spoken of by the authors, ‘“‘for 
tests to predict the approaching end of the 
inhibition period long before actually seri- 
ous deterioration of the oil occurs and, 
therefore, will allow ample time for removal 
of the oil.” 

Was consideration given to renewal of 
the inhibitor at this stage before it is ex- 
hausted and oxidation deterioration of the 
oil begins in arriving at the authors’ con- 
clusion number 8, that ‘‘studies made for 
Chicago conditions show no financial ad- 
vantage to the user for him to adopt the 
general practice of adding an inhibitor to 
new or reclaimed old oil?” 

This conclusion may be misleading when 
taken without reference to the balance of 
the paper which states that “the latest 
study indicates that the total cost for re- 
claiming and inhibiting deteriorated trans- 
former oil is practically identical with the 
cost of new inhibited oil.” As the cost of 
adding inhibitor is relatively a fixed amount, 
presumably the cost for Chicago conditions 
refers mainly to the costs for reclamation 
as being the deciding factor. If so, con- 
clusion number 8 would not hold for those 
utilities who do find an economic advantage 
in reclaiming oil now that it is possible to 
renew its resistance to oxidation by the addi- 
tion of DBPC. Most experience to date on 
the reclamation of oil shows diminishing re- 
turns from a life expectancy standpoint 
unless an oxidation inhibitor is used to re- 
store the oil at least to its original life ex- 
pectancy. Consequently, whenever it is 
found economically desirable to reclaim 
deteriorated oil, there is certainly a very 
definite financial advantage to be derived’ 
by adding DBPC to the reclaimed oil to 
restore its resistance to oxidation. 

It might be noted that the test conditions 
during the first series of transformer tests, 
on which the curves of Figures 1 to 6 are 
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based, are somewhat favorable to the unin- 
hibited oils in that the ‘‘vicious spiral of 
sludging and heating”’ is discounted by the 
maintenance of the same top oil tempera- 
ture in all four transformers, a condition 
which would not occur in normal operation, 
once sludging began, as demonstrated by 
the heat run. 

The authors state that the results of the 
heat run “illustrate a very important ad- 
vantage of inhibited oil, that by preventing 
the formation of sludge, transformers may be 
operated at heavy loads without the likeli- 
hood of reaching excessive temperatures.” 
Do the authors consider this practice to be 
extreme in view of the statement in another 
paper at this session that ‘‘one extreme view 
is that no sludge should be permitted?” 
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T. K. Sloat (Westinghouse Electric Cor- 
poration, Sharon, Pa.): The paper em- 
phasizes that inhibited oi] in pole-type 
distribution transformers will be of distinct 
advantage since these are the most difficult 
to keep sealed and nitrogen protection equip- 
ment is not practical. The test data shows 
that we can expect to obtain three times the 
life from the new distribution transformers 
with inhibited oil and twice the life in used 
transformers as compared to the conven- 
tional oils. 

The problem of recovery of used oils is 
entirely one of economics. Since used trans- 
former oil has a marketable value as fuel oil, 
and if you consider the cost of the oil re- 
covery, new inhibitor cost, and make-up 
oil cost, which is about 10 to 15 per cent, 
you approach closely the cost of new in- 
hibited oil. There still remains the question 
of whether or not this inhibited-recovered 
oil is the equivalent of new oil. Further 
studies will be necessary to satisfy this 
question. 

The authors did not emphasize the inter- 
facial tension tests. There are those who 
feel that this is the single test required for 
evaluating oils in service and advocate 
limits of 15-20 dynes as the criterion for 
replacing or reconditioning oil. The inter- 
facial tension data, in this work, does not 
show much difference between the inhibited 
or the uninhibited oil nor does it predict the 
formation of sludge. 

It will be interesting to see the results of 
the additional |tests in progress. 


George H. von Fuchs (Consultant, Niagara 
Falls, N. Y.): The paper deals with a timely 
subject in a very interesting and highly in- 
formative manner. For someone who has 
been closely associated with the develop- 
ment of inhibited turbine and transformer 
oils, field test reports of this type are ‘‘the 
proof of the pudding.” 

Turbine and transformer oils are both 
essential to the electric power industry. 
Thus experience gained with inhibited tur- 
bine oils, the practical application of which 
preceded inhibited transformer oil by a dec- 
ade, should be of interest to you. The in- 
hibited turbine oil and the turbine oil sta- 
bility test (the present ASTM-D 943)! were 
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developed simultaneously. With this test 
a 10- to 20-fold increase in oil life was 
predicted for inhibited oils. It was also 
found, however, that deterioration products 
from a previous oil fill would appreciably 
reduce the life expectancy of oils and that 
dirty oil system had to be cleaned in order 
to reap the maximum benefits predicted for 
inhibited oils by the laboratory test. More 
recently a joint ASTM-ASME committee 
has drafted recommended practices for 
cleaning new and used turbine systems. 

It has been shown in the paper that sludge 
in a transformer accelerates oil breakdown. 
But what is even more important, sludge 
also interferes with the cooling action of the 
oil; the resulting heat rise hinders full 
utilization of the transformer even at its 
normal] rating and definitely prevents its 
operation at heavier loads. 

Sludged transformers represent a reclaim- 
ing problem of considerable magnitude and 
of great economic importance. With the 
aid of inhibited oil, some utilities are able 
to reclaim sludged power transformers by 
the use of attathed clay filters without loss 
in operating time. DBPC is not removed 
by the clay filters while the transformers are 
gradually restored to their rated capacity. 
For distribution transformers other re- 
claiming methods must be developed and I 
predict that AIEE will soon find the subject 
of sufficient general interest to organize a 
working committee for this purpose. 
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Herman Halperin and H. A. Adler: The 
interest in inhibited transformer oil will 
probably continue to increase, as loads on 
transformers continue to increase and their 
effect upon the aging of the oil becomes more 
pronounced. This is particularly true for 
presently installed transformers which have 
varying degrees of exposure of the oil to air. 
As we see it, the value of the use of inhibited 
oil is not so much the increase of the life of 
the oil as obtained under previous loading 
conditions, but rather the possibility of 
operating existing transformers at higher 
loads and, therefore, at a more economic 
utilization without excessive oil trouble. 

With regard to Mr. Doble’s remarks that 
the quality of the inhibitors has been greatly 
improved in recent years, we made the ob- 
servation that the stability in short-time 
laboratory tests of recent shipments of in- 
hibited oil was much superior to earlier 
shipments. 

Short-time laboratory tests available so 
far indicate that the inhibition period of 
conventional oils with inhibitor added is 
shorter than for oils specially refined for 
best inhibitor susceptibility. 

The statements in the paper with regard 
to reclaiming and inhibiting old oil apply to 
Chicago conditions, including consideration 
of the fact that old transformer oil is used in 
Chicago as fuel oil. The considerations for 
Chicago conditions were quite similar to 
those mentioned in Mr. Sloat’s discussion. 

The fact that a test with controlled 
maximum temperature would be favorable 
to sludging oils was recognized when de- 
signing these tests, but this method was pre- 
ferred to a constant-current test. It was 
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felt the constant temperature test would 
give a more conservative comparison of the 
oils while the constant-current test might 
lead to exaggerated conclusions. 

While it would be desirable to avoid any 
sludging in service, it is recognized that this 
goal is neither practical nor economical, but 
efforts are made to keep sludging to a 
minimum and the criterion of serviceability 
is set accordingly. 


As Mr. Sloat points out, the interfacial 
tension test does not give a clear-cut dis- 
tinction between inhibited and noninhibited 
oil, mainly due to the rapid drop of the 
interfacial tension test values during the 
first few months of aging. The interfacial 
tension test is very sensitive to contamina- 
tion of the oil by varnishes and other ma- 
terials in the transformer and this may be 
the reason for the initial rapid change of 


interfacial tension test in the aging tests. 
However, after this initial effect there was 
a distinct difference in interfacial tension 
test between inhibited and noninhibited oils. 

As Dr. von Fuchs points out, the problem 
of cleaning sludged transformers is of great 
importance and it is being studied. It is 
difficult to remove sludge which has precipi- 
tated out, especially in oil ducts between 
windings. 


On the Mechanics of Magnetic 
; Amplifier Operation 


ROBERT A. RAMEY 


MEMBER AIEE 


HERE have been many analyses of 

magnetic amplifiers presented in the 
literature, many showing remarkably 
close check with experimental results. 
But there still seems to be room for a dis- 
cussion of the mechanics of amplifier 
operation as nearly devoid of mathe- 
matical elegance as possible. This paper 
is essentially an effort to “‘talk through” 
an analysis of magnetic amplifier opera- 
tion. More exacting mathematical analy- 
ses based upon the concepts presented 
herein are being prepared by the Naval 
Research Laboratory and will be pub- 
lished as they are concluded. 

In order to provide understanding 
rather than a method of general mathe- 
matical solution a semidescriptive or 
quasi-mathematical technique is utilized. 
Since this problem is quite complex, 
“exact’’ mathematical prediction seldom 
leads to a clear picture. This paper is 
designed to give such a picture of the 
physics of magnetic amplifier operation 
and to give examples of the usefulness of 
the fundamental concepts. It will seem 
light reading for many of our mathe- 
matically-minded scientists—that truly is 
the author’s aim. It is hoped that this 
presentation will answer many of the 
questions raised by the engineers in this 
field who seldom have the time available 
to analyze the general solutions published 
in the literature. A further object of this 
paper is the introduction of examples of 
certain new magnetic amplifier circuits 
the author has developed as a direct result 
of this study. 


Summary 
In this paper certain magnetic amplifier 
circuits will be illustrated and their cir- 


cuit equations presented subject to cer- 
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tain assumptions. The equations will be 
interpreted in as clear a manner as the 
author thinks possible and some con- 
clusions will be drawn. Since the mathe- 
matics of analysis of magnetic amplifiers 
is quite complex as viewed from continu- 
ous theory a clearer period by period 
interpretation will be pursued during 
which periods the equations may be con- 
sidered as a continuous, elementary and 
reasonably accurate representation of the 
phenomena. The two periods which will 
be used are those during which the ampli- 
fier output current is large (conducting 
period); and during which the amplifier 
output current is of the order of the 
magnetizing current (nonconducting pe- 
riod). Equivalent circuits for each 
period will be set up. The final conditions 
of one period will represent the initial 
conditions of the following period. 

The two assumptions utilized in this 
analysis are “ideal” magnetization curves 
for the core materials, Figure 1, and 
“ideal” rectifiers. The best core materials 
and rectifiers manufactured today rather 
closely approximate these assumed con- 
ditions. A resistive load impedance will 
be used for simplification of the mathe- 
matics. 

The conclusions drawn from these 
elementary considerations will form a 
basis for predicting the performance of 
examples of certain novel circuits which 
shall have properties of an unusual 
nature. Practical discussion of these cir- 
cuits is beyond the scope of this paper and 
will be presented elsewhere. 

A relation will be derived in an elemen 
tary manner between the response time of 
magnetic amplifiers and the factors which 
influence this phenomenon. A rectified 
sinusoidal signal will be used to avoid the 
consideration of certain transcendental 
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equations which would arise in the con- 
sideration of a d-c signal, The resulting 
expression will be a sequence whose terms 
will approach a final value in the mth 
term. The number 7 will directly meas- 
ure the response time. The final value 
of the sequence will be the steady-state 
firing angle for the output current. 

There will be presented a discussion of 
the function of the control voltage in 
magnetic amplifier operation. It will be 
shown that the control source need never 
supply the power for the amplifier con- 
trol. The energy storage in the amplifier 
cores in steady-state operation can be 
supplied entirely from the a-c power 
source. The result is a very efficient 
amplifier with response time of approxi- 
mately one-half cycle. Remarks regard- 
ing power gain will be difficult to inter- 
pret since the control source will never 
be required to supply any power to the 
amplifier circuit. 

This approach to the magnetic amplifier 
problem has resulted from a recognition 
of the fact that the magnetic amplifier is 
a voltage-sensitive device and not, as 
generally believed, a current-sensitive 
device. The only truly independent 
variable is the control voltage. Of 
course control means which are “‘current 
sources’”’ provide exceptions to these re- 
marks. 


Concerning the ‘‘Simple’’ Series 
Magnetic Amplifier 


Two TRANSFORMERS AND 
ONE TRANSFORMER 


The ‘simple series amplifier shown 
schematically in Figure 2 consists of a 
pair of single phase transformers I and IT 
connected in series in the primary or 
“output” circuit and energized from an 
a-c source E,, in series with a load circuit 
impedance R;. The secondary or “‘con- 
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AIEE Technical Program Committee for presenta- 
tion at the AIEE Summer General Meeting, 
Toronto, Ont., Canada, June 25-29, 1951. Manu- 
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Figure 2. Series magnetic amplifier 


trol” circuit has the two transformer sec- 
ondaries connected in series opposition 
(for a-c voltages of fundamental fre- 
quency) in series with a control circuit re- 
sistance RK, and a control voltage source 
E,. The equations for this circuit con- 
figuration are: 


Eqac=Ei1+L£1r+J/7Rz (primary circuit) (1) 


NEt=NE1+ EE; —I-R- (secondary circuit) 
(2) 


where /; and £y; are the instantaneous 
primary voltages on transformers I and II 
respectively, 7; and J, are the instan- 
taneous primary and secondary currents 
respectively and J is the ratio: second- 
ary turns/primary turns. 

However during the periods of time 
during which transformer cores J and II 
are unsaturated simultaneously, currents 
I; and J, are assumed quite negligibly 
small, Figure 1. During these periods 
the circuit equations become from 1 
and 2: 


Eac=f1+ 11 (primary circuit) (3) 
NE; = NEn+£, (secondary circuit) (4) 


This will be called the nonconduction 
period. The equivalent circuit for this 
period is shown in Figure 3. 

Whenever either transformer core is 
saturated the primary and secondary 
voltages of that transformer ideally cease 
to exist and currents J; and J, can no 
longer be neglected. If core I is saturated 
the circuit equations become from 1 and 2: 


Eac=Eu+I1Rz (primary circuit) (5) 
0=NEi+E,—I,R- (secondary circuit) (6) 


The output current J, must equal the 
teflected control current NJ, for core II 
remains unsaturated and can have no 
net ampere turns beyond that needed for 
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Figure 3. Equivalent circuit for nonconducting 
_ period (Core | proceeding to saturation) 
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Figure 4. Equivalent circuit for conducting 
period (core | saturated) 


magnetization. This period of time will 
be called the conducting period. The 
equivalent circuit for this period is 
shown in Figure 4. If core II is saturated 
(negative half-cycle of a-c voltage) the 
circuit equations become from equations 
1 and 2: 


EFac=E1+IzRy (primary circuit) (7) 
0=—NE\+ E, —I,R; (secondary circuit) (8) 


where J; equals (—) NJ,. Another equiva- 
lent circuit like that of Figure 4 would 
redundantly represent this. 


A MATTER OF TIMING 


To say that the foregoing equations are 
the only ones to be observed would hardly 
tell the whole story. One must determine 
when each is to be used. In setting up 
the equations it was stated that one set 
of equations was for the periods during 
which both cores were unsaturated simul- 
taneously (nonconducting period) and 
the other set was for the periods during 
which either one of the cores was satu- 
rated (conducting period). It is clear 
from the above considerations that the 
flux level in both cores must be known at 
all times if the equations are to be useful. 

There exists only one fundamental 
relation between magnetic flux and the 
electrical quantities one can conveniently 
measure. This relation between rate of 
change of flux and applied voltage was 
first published by Faraday and has been 
subsequently called Faraday’s Law of 
Electromagnetic Induction. It is this 
relation which will be used herein. 

Since the equations being used in this 
paper concern only voltages and currents 
it is deemed advisable for clarity to keep 
this magnetic flux measurement in the 
same units. This will avoid the confusion 
associated with the introduction of a 
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magnetic quantity. The integral of the 
voltages Ey; and Ey; will measure flux 
changes in their respective cores. The 
transformer core will be saturated when 
the integral of its terminal voltage attains 
a value in volt-seconds equivalent to that 
which may be stored by the transformer. 
A convenient measure of this value is 
obtained from the a-c source voltage 
Eq, which time integral over a half-cycle 
is equivalent to the volt-second storage 
of both cores. That is to say, 


1/25 
1/2 ni Eqcdt 
0 


will be the volt-second capacity of one 
transformer core on a traverse of flux 
from its negative maximum value to its 
positive maximum value. The term 
1/2f is the time of one half-cycle of a-c 
supply voltage where f is the line fre- 
quency in cycles per second. These 
amplifiers are regarded as being supplied 
from an a-c source which voltage is the 
maximum that can be applied and still 
keep the cores from saturating at any 
time due to alternating current alone. 

Elimination of Ey; from equations 5, 
and 6 gives: 


Ec Re 
Bact = yet Tp (9) 


From this relation it is apparent that the 
output current will lag the a-c voltage 
by an angle dependent upon the voltages 
Eq. and E, when E, is a constant d-c 
voltage. This lag can be eliminated by 
utilization of a rectified a-c voltage for 
E, which frequency and phase is the 
same as that of the a-c source. This type 
of control voltage is in quite wide use 
and is almost indistinguishable from d-c 
control with the same average voltage. 
This step results in quite a simplification 
when one recognizes that the initial 
instant of each period of operation now is 
clearly defined. The conducting period 
begins when one of the cores saturates; 
the nonconducting period begins when 
the a-c voltage reaches zero. 

In all problems involving definite 
integrals some set of initial conditions 
must be specified—a starting point. 
The author has chosen the no-load condi- 
tion (£,=0) sufficiently long after appli- 
cation of the a-c voltage E,, so that all 
transients due to the application of 
alternating current have ceased to exist. 
At this time the amplifier is operating 
according to equations 3 and 4 with 
Ey=Ey, E,=0 and both EF; and Ey 
simultaneously equal to 1/2 E,,. Since 
the cores are identical and the two trans- 
formers are in series the magnetizing cur- 
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rents are identical and flow in the pri- 
mary circuit. 

The flux in the cores is swinging from 
knee to knee on the magnetization curves 
90 degrees behind the a-c voltage wave 
(that is, maximum flux deviation at zero 
applied voltage) and the magnetization 
current is exactly that indicated by the 
magnetization loops. These relations 
are shown in Figures 5 and 6. When E,, 
is zero and going positive the line current 
is zero and the fluxes in the cores are at 
points A. Subsequently, the a-c voltage 
becomes positive, the current J; assumes 
the values at B and continues to increase 
according to the magnetization loop 
(proportional to &) until £,, approaches 
zero at Cand becomes zero at D, During 
the succeeding negative half-cycle the 
line current assumes the values of HL, F, 
and when E,, becomes zero, A. Since 
the magnetization loops are identical, 
1I,+WNI, and I,—WNI, are equal. Conse- 
quently, 7,=0 with E,=0 no matter how 
“fat” the magnetization loop. A current 
I, can only flow when there is a difference 
in magnetization level between the two 
cores. The magnetization currents are 
carried by the primary circuit as the 
quiescent current. This is a reasonably 
accurate picture of the relations existing 
with #,=0. 

The exact instant of application of /, 
will be designated as point A, when /,, 
is zero and dE,,/dt is positive—the begin- 
ning of a nonconducting period. ‘Time will 
be called zero at this instant and will 
attain a value 1/2f second at the end of 
the half-cycle; at the beginning of each 
half-cycle time measurement will be zero. 


THE MAGNETIZING VOLTAGES 


Equations 3, 4, 5, 6, 7, and 8 show the 
voltage and current relations existing in 
the simple series magnetic amplifier in 
non-conducting and conducting states, 
From these equations expressions for the 
magnetizing voltages /; and My, may be 
derived, 

During periods of nonconduction equa- 
tions 3 and 4 are applicable. Solution of 
these equations gives: 


AL: fos ha as ube 
B= 1/2 Fn f+ =a Pi = 1/2 Bae“) 


Since all subsequent calculations will in- 
volve only a half-cycle at a time it will 
be convenient to work with magnitudes 
without regard to direction. The equa- 
tions for the nonconducting period be- 
come; 


|x| =1 a 


Jp, 
Eac|+ ea) 


(core I proceeding to saturation) 
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Figure 5. Magnetization loops showing in- 
stantaneous magnetomotive force for E,=0 


Figure 6 (right). Wave shapes of voltage, 
magnetic flux, and current with E, =O 


Ee 
(Ba) =1/2| Bae - Fe | 


(core II deviating from saturation) 


during the positive half-cycles. During 


the negative half cycles: 


ie eee 
=1/2) |Eae| —, 


(core I deviating from saturation) 


En| =1/2 Eel el) 
Shaye 


(core II proceeding to saturation) 


Ex 


During periods of conduction with core 
I saturated (positive half-cycle of a-c 
voltage) equations 5 and 6 yield: 


NRz,.. 
Liege lt pe \Bel 
1 c 
|Enu| = : WR, 
1 pastes LE 
T Re 


In summary: 
(1) Either core proceeding to satura- 
tion will have: 


Bul=1/2) 


Be 
N 


Ey| al 


Eae|+ i (10) 
across its primary terminals in such a 
direction as to produce the desired satura- 
tion, 


(2) Wither core deviating from satura- 
tion during nonconducting period will 
have: 


fs =|22n|=1/2] |e — 24] volts (11) 


(3) Hither core deviating from satura- 
tion during a conducting period will 
have: 


NRyz\ Ee 

Ege| -——— 

Vind 
N?*Ry, 
bf eine 


Re 


|i | =|2£n| = volts (12) 


across its primary terminals in the ap- 
propriate direction. 
Since the subsequent calculations will 
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begin and end within a half-cycle the use 
of magnitudes will not prove cumbersome. 
The symmetry between expressions for 
/y and Ey during conducting and non- 
conducting periods will, however, prove 
extremely convenient. 


CONCERNING TRANSIENTS 


In the preceding discussion a review of 
the circuit equations of the series mag- 
netic amplifier indicated two modes of 
operation could be expected, and for each 
of these modes a simple equivalent circuit 
could be used. It has further been 
determined that the times of validity of 
these equivalent circuits could be defi- 
nitely and conveniently established. Con- 
venient initial conditions have been desig- 
nated and described. 

The problem has been set up in this 
manner to illustrate the fundamental 
physics involved. Since the magnetic 
amplifier is transient by nature any dis- 
cussion disregarding this fact would fail 
to present a clear picture of its operation. 
To understand what goes on in “‘steady- 
state’ operation one must also clearly 
understand the transient operation. 

The following discussion will picture 
period by period the operation of the 
magnetic amplifier in transient until the 
general term is recognized. 

During the first half-cycle of a-e volt- 
age immediately following the applica- 
tion of /, equations 3 and 4 are appli- 
cable and will remain effective until core I 
reaches saturation. This will occur at a 
time f, defined by the relation; 


ty 1/2s 
iff Eidt=1/2 yi Eacdt = Ao volt-seconds 
0 0 


The value /y is determined from equa- 
tion 10. 

There follows in the interval (4 to 1/2f) 
a period of conduction during which the 
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Figure 7. Magnetization changes during first 
cycle after initiation of transient 


Figure 8 (right). Response characteristics 
series magnetic amplifier 


voltage across transformer J(/y) is zero 
and the currents J; and J, are determined 
by equations 5 and 6. Core II in the 
first half-cycle has /y across its terminals 
causing it to deviate from its saturated 
value by an amount: 


hy 1/2 
a- buat fi Enrdt volt-seconds 
0 ty 


The value of yy; for the nonconducting 
period (0 to ¢,) is defined by equation 11 
and for the conducting period (4 to 1/2f) 
by equation 12. The resultant changes in 
the core fluxes are shown in Figure 7. 
This pictures the mechanism of the first 
(positive) half-cycle of a-c supply voltage. 

During the second (negative) half- 
cycle of a-c supply voltage core II will 
saturate at a time f, defined by: 


ty 
a FEuidt = A, volt-seconds 
0 


That is, in order to saturate, core II must 
return to its saturated value and the 
only mechanics available is by releasing 
the volt-seconds absorbed during the 
previous half-cycle. After saturation Eyy 
becomes zero and a conducting period 
ensues until the a-c voltage reaches zero. 
Core I meanwhile has Fy across its 
terminals causing it to deviate from its 
saturated value by an amount: 


ty 1/2r 
if, Exdt+ yh Exdt = Ay volt-seconds 
0 to 


where is defined according to equation 
11 in the nonconducting interval (0 to fs) 
and by equation 12 in the conducting 
interval (f to 1/2f). The resultant 
changes in the core fluxes are shown in 
Figure 7. This pictures the mechanics of 
the second (negative) half-cycle of a-c 
supply voltage. 

During the third (positive) half-cycle 
of a-c voltage the steps of the first half- 
cycle are repeated with the same equa- 
tions effective. The only change is in the 
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2 3 4 h) 
TIME (CYCLES FROM APPLICATION OF Ec) 


| + COSINE @ (PROPORTIONAL TO OUTPUT CURRENT) 


initial conditions, that is, instead of being 
1 fer 
8 Eacdt volt-seconds from saturation 

0 


Core Iis A: volt-seconds from saturation, 
The saturation will occur at a time f, 
defined by: 


ts 
oi Exdt = Az volt-seconds 
8 


Or, more generally, saturation in any 
odd (n—1)** half-cycle will occur at a 
time f,—1 defined by: 


Foye 
i Edt = An_»s volt-seconds 
0 


Core II meanwhile has Fy; across its 
terminals and will deviate from its 
saturated value in any odd (n—1)** 
half-cycle by an amount: 


thoy 1/2s 
+f Exrdt+ Endt = An_, volt- 
0 t 


n1 seconds 


During the succeeding even (7th) half- 
cycle saturation will occur at time ?, 
defined by: 


ty 
wh Enidt = An_, volt-seconds 
0 
or: 
tn i | 1/2f 
i Enrdt= if Enxrdt+ Exrdt 
0 0 tn 1 


However, #y and Ey; have the same 
magnitudes during each respective part 
of a half-cycle (equations 10, 11, and 12). 
A general expression defining ¢, for any 
nth half-cycle can be found by substitut- 
ing those values for Hy and Ey, in the 
equation above. This fundamental rela- 
tion for transient operation is: 


tn 
1 [ea + | qf sin wtdt 
N 0 
tn—1 
= 1/9 [Ea Wa sin wtdi 
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NR ; 

/Fael——_— |e. 
——— Re sin widt 

1+N?Rz/Re caw 


Since E,. is a known constant the 
bracketed coefficients may be replaced by 
the following functions of E,: 


& I] 
fi(Ee)=1/2| [Enel + well 


fe(Ec) =1/2 | Ea — eT 


i 


NR 
[Boel = [ee 
je 
falEe) 1+ N°Rx Re 
This gives: 


tn tn_y 
Fi(Ec) Me sin wtdt Hie f x 
0 0 


* 1/2f 
sin widt+f3(E.) yh sin widt (13A) 
t 


n—1 


When the definite integrals are evaluated 
one finds: 


—fo(Ec) —fa(Ec) +fi (Ec) 


cos wt, = f(s) oa 
fa(Ec) —fs (Ec) baa: 
fi(Ec) wes 


or in terms of the saturation angle 6,,: 


COS On =1—fs(Ec)+fa(Ec) cos Oni (n >1) 
(13) 


where: 


3(Ec = 
ee ate) 


» fi(Ec) 


a fo(Ec) — fs(Ec) 
fi(Ec) 


The saturation angle for the first half-cycle 
may be calculated from equation 13A: 


cos 6: = —f2(Ec) /fi(Ec) 


These preceding equations show that 
the saturation time or ‘“‘firing angle” is 
directly determined by the previous 
saturation time and the magnitude of the 
signal voltage. From the general expres- 
sions above one can construct the tran- 
sient output current as a function of time 
after application of a signal voltage. Cur- 
rent “‘firing’’ will occur in any mth half- 
cycle at the time ¢, and the current will 
have instantaneous values determined by 
equation 9 for the remaining part of the 
half-cycle. The angle at which satura- 
tion occurs will change according to equa- 
tion 13 until such time as 6, equals 6,_1; 
this will be the steady-state condition. 
The “‘response time’’ could be defined as 
that number of cycles needed for the 
firing angle to reach some predetermined 
part of its final value. 
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Or CURRENTS AND TIME 


Since firing occurs at angle @ determined 
by equation 13 and the magnitude of 
current is determined by equation 9, cal- 
culation of current for transient and 
steady-state conditions is a relatively 
easy problem. The average current for 
any mth half-cycle is: 


£ 


1 w 1 a Fact a 
Iy(avg) = I,d0= x 
a On «iy On Re 
L 


N? 


[1-+cos @,] (transient and steady- 
state average current) (14) 


That is, for any given amplifier, the 
output current is directly proportional 
to (1+ cos 6,) and to a function of E,. 
For any given set of initial conditions 
fs(E.) would become a constant and 
(1+ cos 0,) would be directly propor- 
tional to the averaged output current, 
The value cos 6, can be obtained from 
equation 13 for transient conditions so it 
is possible to plot the average output cur- 
rent as a function of time from known 
initial conditions. Steady-state firing 
angle 6,, can be determined from equa- 


tion 13 by setting 0,=6,1=6,;. This 
will give: 
1— s E 
cos O53 =— fulEo) (15) 
1—f,(Ec) 


relating the steady-state firing angle 6,, 
and the circuit parameters. By substitu- 
tion of this expression in place of @, in 
equation 14; 


~J4\ ec 


(steady-state average current) 


Substitution of the appropriate expres- 
sions for the function of FZ, gives: 


Dek, DAC 
Iy(avg) = —N—=N Ee(avg) 


mn Re TR (16) 


that is, the average load ampere turns 
equal the average control ampere turns 
in steady-state operation. 

Using equation 14, an example mag- 
netic amplifier is analyzed in transient. 
The values: E,,=100 volts, N=1/2 and 
R,=50 ohms are chosen as circuit param- 
eters. For purposes of comparison 
several values of R, were chosen and the 
control voltage H, was adjusted to always 
give a final value of 6, of 90 degrees; 
(1+ cos 6,) equal to unity. Steady-state 
current firing at 90 degrees is accom- 
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Figure 9, Calculated response time for simple 
series magnetic amplifier (cycles of line 
frequency) 


Re / Ne 


plished by setting cos 6, equal to cos 6,_1, 
and both equal to zero in equation 13. 
This gives: 


1—f,(Eo) =0 


the relation between E, and R, for 90- 
degree firing. Initial conditions are made 
the same as described in the section on 
A Matter of Timing. The plot of these 
transients of (1+ cos 6,) is shown in 
Figure 8. The time of response is 
measured by the time required for 
(1+ cos 6,) to reach 63 per cent of its 
final value (shown as the dashed line in 
Figure 8). 

Direct calculation of response time of 
the series magnetic amplifier appears to 
be a step-by-step process when the 
general solutions are involved, However, 
considerable simplification of the mathe- 
matics may be attained by specifying 
convenient test conditions. A steady- 
state firing angle of 90 degrees will prove 
convenient since the expression (1-f5(E,)) 
of equation 13 becomes zero. Since the 
time response of the simple series mag- 
netic amplifier is considered to be inde- 
pendent of the applied signal voltage this 
simplification seems to be completely 
justified. 

So equation 13 becomes: 


COs On =f,(E-) COS On_1 (n> 1) (17) 


with the condition: 1—f;(£,)=0, 
wherein E, and R, are always adjusted 
so that the steady-state firing angle is 
90 degrees. 

Substitutions of the firing angle 6, for 
each succeeding nth half-cycle in equa- 
tion 14 gives: 


Ti, (avg) foo bball 


(first half-cycle) 
Tr,(avg) foo] 3 +14E( 12) ] 
(second half-cycle) 


11,(avg) foo +4e(E9( Af) 


i (Ec) 
(third half-cycle) 
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Figure 10. Transfer characteristic series mag- 
netic amplifier 


or generally: 


Tin(avg) =f (E9| 1 ec 9( a 


(nth half-cycle) 


The final steady-state current will be 
from equation 17: 


Tiss(avg) =fo(Ec) (1+-fa(Ec) cos 90°] =fe(Ec) 


The time of response is that time at 
which the output current reaches (1 —1/e) 
of its final value so the expression deter- 
mining the mth half-cycle at which the 
output current reaches this quantity is 


Tin _ ve a n-l 1) 
-( ae Eo( i(Ec) 


Substituting the expressions for the 
functions of /, and utilizing the condi- 
tional equations above in this expression 
gives: 


N?R,, et VaR 
ay : 1 
Roel) oleae 
N?Ry N?Ry, 
— ie 
Re Re 
or the response time: 
k+1 
fe ar 
n 
Tr=-= a I 18 
RO 5 1+ bl cycles (18) 
ne 
k+1 
where: 
N?Rz 
YS ore 
Re 


As H. F. Storm! demonstrates, the re- 
sponse time is a function of the resistance 
ratios and is quite independent of the 
transformer inductances 


ree NtRe 
PAR, 1 


Substitution of typical values as shown 
in the table of Figure 9 yields resulting 
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New series magnetic amplifier 


Figure 11. 


response times approximately one fourth 
cycle higher than those predicted by 
Storm from his consideration of the 
“apparent inductance’ of the control 
circuit. 

Average output current as a function of 
control voltage calculated from equation 
16 for a laboratory amplifier is compared 
to the experimental data in Figure 10. 
The check is not good at values of output 
current approaching amplifier maximum 
output since the experimental amplifier 
has inductive impedance when saturated 
whereas the theoretical amplifier does not. 


REMARKS 


The preceding analysis has been per- 
formed with the application of only one 
basic assumption. This assumption is 
that the transformer cores saturate com- 
pletely at a very low value of magnetiz- 
ing current. The use of a rectified sinu- 
soidal control voltage is hardly an assump- 
tion but rather a recognition of existing 
practice. The ensuing simplification of 
the mathematical process is so great as 
to allow a direct viewing of the operation 
of these amplifiers in all normal modes of 
operation. 

Direct calculation of transients gives 
response times in good agreement with 
those published heretofore and the output 
and control currents are subject to the 
same “current transformer principle” 
observed by all investigators in this field. 

During the nonconducting period the 
control ampere turns have a minute value 
dependent upon the magnetization loops. 
During the conducting period the control 
ampere turns have a value equal to the 
output ampere turns, except for the am- 
pere turns designated by the magnetiza- 
tion loops. 

The remarkable fact that the time of 
response of the series magnetic amplifier 
does not depend upon the inductance of 
the transformers as reactors seems to be 
adequately shown by this analysis. 


A New Series Amplifier 


A CHANGE OF FUNCTION 


In the previous analysis the control 
current during nonconduction was con- 
sidered to be such a small quantity that 
its existence did not effect the voltage 
relations. During the conducting period 
the ampere turns in the output circuit 
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Figure 12. Response characteristics new series 
magnetic amplifier 


(determined by equation 9) differed from 
the control ampere turns in magnitude 
only by the negligibly small magnetizing 
ampere turns. Itis readily apparent from 
these considerations that the major need 
for power from the control source occurs 
during the conducting period. 

During the nonconducting period the 
flux level in the two cores is altered. 
One core goes through its complete flux 
change, equation 10, to saturation while 
the other core deviates from its saturated 
value according to equation 11. During 
the conducting period the flux in the 
unsaturated core deviates further from 
saturation according to equation 12. 

This section of the paper will be a study 
of a new type of series magnetic amplifier 
circuit which shall be governed by the 
same equations as the simple magnetic 
amplifier during the nonconducting period 
but which shall not include the control 
voltage in the equations governing the 
conducting period. In order to divorce the 
control voltage from the circuit during 
periods of conduction it is necessary to 
block the control voltage circuit during 
these periods. This is accomplished in 
the example to be analyzed by placing a 
rectifier ‘‘a’”’ in series opposition to the 
control voltage, Figure 11. This means 
no forward current may be carried by the 
control source. However, since some cur- 
rent is needed during nonconduction to 
assure operation of the constraint im- 
posed by the control voltage, this minute 
current is supplied from a “‘constant cur- 
rent’ source. This source, shown parallel 
to the control voltage circuit, consists of 
a high impedance Zy and a voltage Hy, of 
sufficient value to assure a value of cur- 
rent Jy, as large as any current needed for 
the control circuit’s operation. A path 
for control-cireuit currents during the 
conduction periods is provided through 
rectifier ‘“‘b’’ and resistance R,’ also 
shown parallel to the control voltage cir- 
cuit. 


Examination of the nonconducting 
period shows: 


Fac=Fi+En (primary circuit) (3) 
NE:= NEu+ E; (secondary circuit) (4) 


These are the same relations as those 
which governed the simple series amplifier 
during nonconduction. 

For the conducting period (core I 
saturated): 


EFac=Hut+J Rx (primary circuit) (5) 
O0=NEi1—J,R,’ (secondary circuit) (19) 


These are the same relations as those 
which governed the simple series amplifier 
during conduction with the exception 
that H, no longer appears. 

Elimination of /y; from equations 5 
and 19 gives: 


Rifv» 
Eac= y2t Be I, (20) 


The instantaneous magnitude of output 
current is no longer a function of the con- 
trol voltage as in equation 9. The control 
voltage may effect only the angle of firing. 

Examination of the transient operation 
follows as in the section on Concerning 
Transients of this paper. One finds the 
general expression defining the time of 
firing to be: 


tn tm_1 
neo f sin wuti=ptb) f x 
0 0 
1/2f 
sin war f sin wldt 
tae 


where: 
E, 
Pueele! 
pee? 
ge 


When the definite integrals are evalu- 
ated one finds: 


COs On =1—f;(E,)+fs(Ec) cos On_1 (n>1) 
(21) 
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13. Response characteristics new 
series magnetic amplifier 
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Figure 14. Transfer characteristic new series 
magnetic amplifier 


where: 


Sol (E,) + K fil E 


, and f,(£,) =—— 
S(iE) 


( 
Si( Ec) = ae 


From any set of initial conditions cur- 
rent firing will occur in the nth half-cycle 
according to equation 21 and will have in- 
stantaneous value determined by equation 
20. 

Using the 
final conditions as used in the section on 
Concerning Transients, the transient re- 
sponse of a magnetic amplifier calculated 
for rise of output current is shown in 
Figure 12. The calculated response for 
decay of output current is shown in 
Figure 13. 

To check the results of calculations 
with the equations developed above, a 
magnetic 


same initial conditions and 


amplifier was set up in the 
Naval Research Laboratory and its trans- 
fer characteristics and response times pre- 
dicted. Figure 14 shows a plot of the 
transfer characteristics obtained. The 
extreme closeness of the check is not sig- 
nificant because a mean value was chosen 
for the rectifier “b’’ resistance. This 
value was not sufficiently high at low out- 
put currents causing the noted deviation. 
At high current the effect of the ampli- 
fier’s saturated impedance has apparently 
compensated for the drop in rectifier re- 
sistance below the chosen mean value. 
Caleulated and experimental values for 
response time checked within one-fourth 
cycle, The calculated values on rise and 
decay were 0.9 and 1.25 cycles respec- 
tively; the experimental values were ap- 
proximately | cycle each, 

As a further check on response calcula- 
tions the response time for this experi- 
mental amplifier with doubled load cir- 
cuit resistance was calculated. The pre- 
dicted values were 1,25 and 2,25 cycles on 
rise and decay respectively; the experi- 
mental values were approximately 1.3 and 
2.3 cycles for rise and decay respectively. 

The schematic diagram of Figure 14 is 
electrically the same as that of Figure 11, 
Wlectrical isolation makes the constant 
current source more easily obtained, 
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CONTROL CURRENTS AND POWER GAIN 


Current flows through the control 
source only during nonconducting periods. 
The maximum value this current may 
have is determined by the constant cur- 
rent source. If the magnetization loops 
were vertical and perfectly matched and 
the rectifiers had infinite inverse imped- 
ance the control current would be: 


Ly 
I;=(—) ee average amperes (22) 
Ww 


where I is set experimentally at the low- 
est value which will assure full amplifier 
output. 

Using the expression above, the theo- 
retical control current for the amplifier of 
Figure 14 (with I equal to 1.02 milli- 
amperes) was calculated and is shown in 
Figure 15 along with the experimental re- 
sults. The character of the’two curves is 
essentially the same. However, the ex- 
perimental curve has smaller magnitude 
indicating the practical amplifier does not 
quite possess the ideal characteristics 
noted in the theoretical calculation. The 
relative importance of the factors causing 
this deviation is the subject of further 
investigations. 

The power amplification of this type of 
magnetic amplifier is a most unusual 
function. Discussion of this factor is 
complicated by the facts: (1) no power is 
required from the control source (power 
must be absorbed instead) and (2) the 
control current magnitude is an inverse 
function of the control voltage and can be 
made to become zero at maximum output 
power by proper choice of Ly. 

If power absorbed in the control source 
be considered the input power and that 
absorbed by the load impedance the out- 
put power the ‘‘gain’’ of the amplifier may 
be examined, One finds this “gain” is a 
function of the control voltage with a 
range of ‘‘gain’”’ values (for the practical 
amplifier heretofore discussed) from only 
a few hundred at low control voltage to 
infinity at maximum power output with a 
response time of approximately one cycle. 
“Gain” at one-half maximum output 
power was approximately 5,000. 

The theoretical amplifier would always 
have a gain of infinity since Ty could be 
made zero, 


REMARKS 


One of the most interesting aspects of 
the preceding analysis has been the role of 
the control voltage. The control source 
is not actively engaged in the magnetiza- 
tion of the transformer cores—it has 
rather assumed the function of a passive 
circuit which is used for a standard or 
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Figure 15. Control current characteristic new 
series magnetic amplifier 


CONTROL CURRENT (AVERAGE MILLIAMPERES) 


measurement reference. The power 
needed for the operation of the amplifier 
has all been drawn from the major power 
sources—even that power needed for the 
measurement of Z,. The control circuit's 
maximum current J is determined by the 
requirements of the cores and rectifiers 
and seems quite independent of the other 
parameters of the circuit. | With appro- 
priate materials and circuits it is readily 
conceivable that tremendous power gains 
may be obtained with a response time of 
one cycle. 

There are two very serious disadvan- 
tages inherent in the type of magnetic 
amplifier discussed here. Reference to 
Figure 14 will show the output currents 
do not bear a linear relation to the control 
voltage. Further, since the a-c source 
must supply the losses associated with 
R,’, full use of the capabilities of the 
transformer cannot be attained. 

The net result is that, though this type 
of circuit configuration exhibits fast re- 
sponse with high gain, it is nonlinear and 
has relatively low power output, for a 
given transformer size. 


A New Parallel-Connected 
Magnetic Amplifier 


AN OBVIOUS IMPROVEMENT 


Examination of the series magnetic am- 
plifier has shown it to have serious limita- 
tions. One of the most notable arrives 
from the fact that a change in the mag- 
netic flux level of each core occurs during 
times when full output current flows in 
the transformer windings. Any voltage 
across the transformer during these peri- 
ods of conduction subtracts directly from 
that voltage which is available for appli- 
cation to the load impedance. The gain 
is high and the response time short but the 
transformers are quite large for any given 
output and the output characteristic is far 
from linear. 

The following section of this paper will 
deal with an example of a type of mag- 
netic aniplifier with self-magnetizing fea- 
tures similar to those previously dis- 
cussed but which shall not require a 
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(8B) NEW PARALLEL MAGNETIC AMPLIFIER 


Figure 16. (A) Single core magnetic ampli- 
fier; (B) New parallel magnetic amplifier 


change of magnetization in a conducting 
transformer. 

An obyious method for eliminating the 
need for changing the flux level in a core 
whose windings are carrying output cur- 
rent is to allow that transformer to con- 
duct only during alternate half-cycles and 
to set the magnetization level during the 
other half-cycles. To accomplish this, the 
a-c supply voltage is applied to a trans- 
former primary winding only during 
positive half-cycles (see Figure 16A); 
during negative half-cycles a rectifier ‘“‘b’’ 
blocks the a-c voltage from the trans- 
former winding. In the transformer sec- 
~ ondary or control circuit the now familiar 

rectifier “‘a’’ is placed in series opposition 
to the control voltage which is in series 
with a magnetizing voltage E,. A single 
winding (autotransformer) connection 
would serve for illustration but would 
hardly seem as versatile. 

The properties the magnetizing voltage 
E, needs to possess are readily recogniz- 
able. During positive half cycles E, must 
prevent flow of current in the control cir- 
cuit due to voltage transformed from the 
primary circuit (VE,,) and during nega- 
tive half-cycles E, must accomplish the 
appropriate magnetization of the trans- 
former core. From these considerations 
it is seen E, can be NE,.. 

The output current of the single-trans- 
former magnetic amplifier is of half-wave 
rectified form. Full-wave rectified output 

is obtained by appropriate paralleling of 
two single-transformer amplifiers. It is 
this parallel amplifier with full-wave recti- 
fied output which will be the subject of 
the following discussion. 

One example of this type of circuit is 
shown in Figure 16. The primary or out- 
put circuit is the same as the well-known 
self-saturating bridge-type parallel mag- 
netic amplifier. The transformer second- 
ary terminals are connected in the same 
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way to the same bridge-type circuit with 
the exception that the load impedance is 
replaced by the control voltage E.. 

In the primary circuit the full load cur- 
rent flows in alternate half-cycles through 
core I and core II respectively. The ex- 
istence of rectifier ““b” prevents the appli- 
cation of the line voltage E,. to the core 
which is not to conduct during any par- 
ticular half-cycle. 

In the secondary circuit the voltages 
E,,’ is chosen to be of the same phase as 
the a-c line voltage and of magnitude 
NE,-. The control voltage E, is again 
chosen as full wave rectified a-c of line 
frequency and with variable amplitude. 

The equations which govern the circuit 
during the non-conducting period (posi- 
tive hali-cycle) are: 


Bac =E1 
NEqe—E-=NEu 


and during negative half-cycles: 


ec=Eu 
NEge—E:c=NEi 


During periods of conduction: 


Eae =lp R L 
NEae —E- = NEu (positive half-cycles) 
— NEge —E-=NEn (negative half-cycles) 


This may be summarized using magni- 
tudes as before: 

(1) Either core proceeding to satura- 
tion will have 


|E:| =|En! =|Eee| (23) 


across its primary terminals in the appro- 
priate direction. 

(2) Either core deviating from the 
saturated state will have in both the con- 
ducting and nonconducting periods. : 


|Ee| 


|x| =| Eu] =|Eee|— N 


(24) 
across its primary terminals in the appro- 
priate direction. 

(8) Either core which is saturated will 
be considered to have zero volts across its 
primary terminals. 

(4) During conducting periods the out- 
put current will be: 


~ Fae 


va 
a Re 


(25) 


Solution of the equations above for the 
angle at which firing occurs (using the 
same technique and with the same assump- 
tion as in the preceding analyses) gives: 


2|E.| 
6 =7——) —1 1 2 
COS By [NE cel (n>1) (20) 
This means the firing angle for any #th 
half-cycle is dependent entirely upon the 
control voltage of the previous half-cycle. 
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Figure 17. Transfer characteristic new parallel 
‘magnetic amplifier 


In other words the time for full response 
is a hali-cycle of a-c voltage no matter 
what be the other parameters of the 
circuit. 

The average output current would be: 


1 | Feel 2k 
I,(avg) =- ——(1i+ cos 8.) =—— 27) 
SNE Re One RT Os 
E.(avg) 
NR: 


From this it is seen that the average out- 
put current is directly proportional to the 
average control voltage. Further, this 
output magnitude is independent of the 
a-c supply voltage. Changes in the line 
voltage will not affect these relationships 
so long as the output current is below the 
saturation value for the amplifier setup. 


EXPERIMENTAL VERIFICATION 


An experimental amplifier using the 
circuit herein discussed was assembled and 
tested. The resulting transfer character- 
istic is shown in Figure 17 along with the 
calculated ‘ideal’ characteristic. The 
results nicely confirm the relationships 
predicted both in character and magni- 
tude. 

The component of Rz, due to the recti- 
fier impedance, is a variable which aver- 
age value was determined experimentally 
from voltage measurements at one-half 
of maximum output current. The minor 
deviations of the experimental curve for 
that predicted can, to a great extent, be 
explained by this choice of constant recti- 
fier impedance, 

The output current’s independency of 
line voltage was checked experimentally 
also. With the control voltage set a con- 
stant value to give one-fourth maximum 
output current the line voltage was re- 
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duced to 50 per cent of nominal value 
with less than 10 per cent change in out- 
put average current. 

Time of response measurements for the 
experimental amplifier show the output 
current reaches steady-state condition 
one-half cycle after application or removal 
of control voltage. 


CONTROL CURRENTS AND POWER GAIN 


At all times during amplifier operation 
one of the transformer cores is being 
caused to deviate from its saturated con- 
dition because of the voltage relations ex- 
isting in the control circuit. If the mag- 
netization loops, Figure 1, were vertical, 
the cores perfectly matched and the recti- 
fiers ideal the current flow in the control 
circuit would be the constant d-c value 
corresponding to one-half the width of the 
magnetization loop. This constant d-c 
control current would flow through the 
control source in the direction opposite to 
the control voltage, that is, the ‘‘control 
power’’ must be absorbed by the control 
source. If, however, a constant current 
of the same constant magnitude were 
drawn from the control source the net 
current could be made ideally zero and 
consequently the “input power’ would be 
zero allowing amplifier ‘‘gain’” to be in- 
finite. The control current for the experi- 
mental amplifier herein used is shown in 


Discussion 


Ulrik Krabbe (Thomas B. Thrige, Odense, 
Denmark): The new coupling for a mag- 
netic amplifier, developed by R. A. Ramey 
is very promising in some respects, even if 
it is not as promising as the paper indicates. 
I am sorry that it is introduced with theo- 
retical considerations on a much lower level. 

A reader of this paper not familiar with 
literature on magnetic amplifiers could easily 
get the impression that Mr. Ramey’s ap- 
proach to the magnetic amplifier is quite 
new, and further that engineers working 
with magnetic amplifier have not under- 
stood how it really works. (‘‘The magnetic 
amplifier is a voltage-sensitive device and 
not, as generally believed, a current-sensi- 
tive device,’’) 

Since Mr. Ramey did not make any 
acknowledgments to earlier authors, I should 
like to call his attention to Uno Lamm’s 
work on the transductor.! Mr. Ramey’s as- 
sumptions are nearly the same as Lamm’s: 
idealizing the iron core with a saturation core 
consisting of two straight lines, the parting 
of the interval in conducting and noncon- 
ducting time interval. Other authors have 
used the same method, and it seems to me 
with more consequence than Mr. Ramey. 

Does the author mean that the transduc- 
tor is current-sensitive or voltage-sensitive? 
Ohms Jaw applies to the control circuit and 
therefore the one expression may be as 
good as the other, However there may be a 
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Figure 18. Control current characteristic new 
parallel magnetic amplifier 


Figure 18 along with the “ideal” charac- 
teristic. Rectifier leakage in the output 
circuit and ‘‘nonideal’’ cores are easily 
seen to be principal causes for the de- 
crease in control current as control volt- 
age increases. It has been experimentally 
determined that the major difficulty 
arises from the rectifiers. 

It has been experimentally determined 
that ‘‘gains’’ of more than-a thousand can 
be obtained at 60 cycles per second (with 
100 per cent response within a cycle) 
using materials now abundantly available 
commercially and without compensating 
for control current. With care in selec- 
tions of core materials and rectifiers, 
“gains’’ of the order of 10,000 at 60 cycles 
per second are possible with appropriate 
circuitry. The response time will remain 
less than one cycle. This performance is 


compared to today’s commercially ayail- 
able magnetic amplifiers which, with’ the 
same response characteristics, exhibit 
power gains in the range of 20 to 50. Op- 
eration at higher frequencies would give 
increasingly better performance. 


REMARKS 


Elimination of the necessity for mag- 
netizing the transformer cores when a 
large current flows in their coils and the 
use of the control source as a passive ele- 
ment whose voltage is measured has re- 
sulted in considerable improvement in 
magnetic amplifier characteristics. The 
obvious improvement is simultaneous 
availability of: short response time, high 
gain, good linearity, wide output range, 
virtual independence of supply voltage 
and good output power/weight ratios. 

This approach to the magnetic ampli- 
fier problem has resulted from a recogni- 
tion of the fact that the magnetic ampli- 
fier is a voltage-sensitive device and not, 
as generally believed, a current-sensitive 
device. The only truly independent vari- 
able is the control voltage. 
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little difference in the expression. It is 
natural to say that an electronic tube is 
voltage-sensitive because it is an electro- 
static field in the zone around the grid 
which determines the action. In the same 
way it is natural to say that the self-satu- 
rated magnetic amplifier is current-sensitive 
since it is a magnetomotive force which 
determines the flux variation. Mr. Ramey’s 
coupling has a control-circuit with a cur- 
rent partly determined as a difference be- 
tween a control voltage and an a-c voltage 
and therefore it may be natural to say that 
Mr. Ramey’s coupling is voltage-sensitive, 
but that does not change the fact that the 
correct expression for other couplings is that 
they are current-sensitive. 

The experiments show that the mag- 
netic amplifier is made with Deltamax core 
and germanium rectifiers, that means the 
best material available. The control cur- 
rent changes from 1.9 to 0.75 milliamperes 
when the control voltage changes 80 volts. 
The output is changed 46 watts. This 
gives an input of 0.09 watt (the fact that 
control current changes in opposite direc- 
tion to the voltage makes no principal dif- 
ference) therefore the power amplification is 
500 and the response time, half a cycle. 

This amplification is compared with am- 
plification of ‘commercially available mag- 
netic amplifiers’ with power gain of 20 to 
50. This comparison is not just. It would 
have been considerably more interesting to 
get a comparison between the new coupling 
and the conventional type using exactly the 
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same components (rectifiers and iron cores). 

Since the power gain 500 is obtained with 
best possible materials used it is hard to 
see how it should be possible to get amplifi- 
cation of 10,000 as the author mentions. 

When I, in spite of the criticism find the 
coupling promising, it is because the figure 
showing the output to control voltage shows 
very good linearity. A comparison with 
conventional circuits and the same compo- 
nent should be very interesting. 
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F. S. Malick (Westinghouse Electric Cor- 
poration, Pittsburgh, Pa.). Mr. Ramey is 
to be commended for his new approach to 
magnetic amplifier analysis as well as for 
his new circuit. I feel that this new circuit 
will find extensive application as the output 
stage of multistage amplifiers for the follow- 
ing reasons. 

The control voltage which must be used 
must be of a rather large value in order to 
overcome the threshold voltage of the recti- 
fiers in the control circuit. Practical linear 
operation can be attained with saturation 
occurring at control voltages as low as three 
volts. Probably the majority of error de- 
tecting devices are operated with maximum 
error voltages considerably less than this. 
This means that a preamplifier of the simple 


AIEE TRANSACTIONS | 


eactor or self-saturating type must be used 
o incréase the voltage level to a value suf- 
ciently large to control this new circuit. 
This new circuit presents an economical 
means of reducing the time delay in the 
high power stages. Inexpensive frequency 
multiplication equipment can be built for 
the preamplifier stage to reduce the reactor 
size and consequently the time delay but 
this method becomes expensive for large 
powers. 

| This new circuit does not appear to be 
suitable fot! adding signals or operating 
with bias to shift the characteristic. This 
means that signal mixing would have to be 
accomplished in low level stages of the 
simple reactor or self-saturating type. 


Robert A. Ramey: The author wishes to 
acknowledge the discussions by Mr. Krabbe 
and Mr. Malick. It is apparent there exists 
need for clarification of several points made 
in the paper. 

The author regrets that space limitations 
have not allowed inclusion of reference to 
the many score of excellent publications 
which have contributed directly to this 
study. It was felt that the inclusion of one 
required inclusion of all. 

Superficial examination of the use of a 
multivalued loop instead of a single-valued 
function for the magnetization characteristic 
lends credulence to Mr. Krabbe’s remarks 
regarding their equivalence. In the analysis 
or the series amplifier the error introduced is 
indeed quite small. However, when changes 
(such as additional nonlinear elements, dif- 
ferent voltages and frequencies) are made in 
the control circuit this equivalence disap- 
pears. The use of a single-valued magneti- 
zation curve cannot anticipate the control 
circuit currents. These currents are deter- 
mined by the properties of the materials 
utilized and consequently realistic assump- 
tions regarding them are required. In all 
analyses it is the assumptions which dictate 
the attainable results not the mathematical 
tools thereafter used. The assumption of a 
single-valued relation between flux density 
and magnetomotive force provides a con- 
venient simplification for analyzing these 
circuits. However this assumption is not 
realistic except in amplifiers using materials 
whose a-c magnetization characteristic ap- 
proximate such relations. These materials 
are seldom used in high-gain amplifiers. 
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Recognition of conducting and noncon- 
ducting time intervals does not constitute 
assumption but rather the obvious result 
of the usual assumption of core saturation. 

The author’s remarks regarding the volt- 
age-sensitivity nature of magnetic am- 
plifiers are based upon the fact that mag- 
netomotive force does not determine flux 
variation as the assumption of a single- 
valued magnetization characteristic would 
lead one to believe. One has only to look 
at a family of “‘hysteresis’’ loops of any 
ferromagnetic material and note their varia- 
tion with voltage, frequency, et cetera to 
realize the impossibility of determining flux 
variation from knowledge of magneto- 
motive force. To assume or infer that this 
quantity is the independent or controlling 
variable seems to the author to be a grave 
tactical error in the attack on the magnetic 
amplifier problem. However, knowledge 
of the reactive voltages involved allows one 
to determine flux variation uniquely. From 
the practical point of view this means 
if one has the problem of producing am- 
plifiers which have characteristics which are 
linear, independent of line voltage and fre- 
quency, he must not allow this highly vari- 
able control circuit current to affect the 
circuit operation. In the series magnetic 
amplifier (wherein the control circuit re- 
sistance is relatively low) this problem 
does not often arise, hence the linear char- 
acter and independence of a-c line. How- 
ever in the currently-popular self-saturating 
circuits (wherein the control circuit re- 
sistances are relatively high and magne- 
tizing currents and rectifier leakage con- 
stitute a considerable part of the total con- 
trol circuit current) this problem is quite 
formidable. Recognition of the funda- 
mental voltage sensitivity of the magnetic 
amplifier provides solution to this problem 
through circuits of the type illustrated. 
Often it is through the results that one sees 
the value of a point of view. In the mag- 
netic amplifier control circuit, as in the 
vacuum tube grid circuit, currents exist. 
The trick in each case is to prevent these cur- 
rents from affecting the device’s operation. 

Comparison between the new control cir- 
cuits and the conventional type using the 
exactly same components (rectifiers and iron 
cores) has been made. Experience in the 
laboratory has shown an improvement of 
one to two orders of magnitude can be at- 
tained in the gain-response time ratio of 
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magnetic amplifiers obtained commercially, 
when circuits of the new type are simply 
substituted in place of the conventional 
resistance-voltage control circuit combina- 
tion. This is even more remarkable when 
one realizes that core and winding design 
was based upon other circuitry and does not 
take advantage of the properties of the new 
type of control. 

The inference that the superior perform- 
ance of the new amplifier circuits is due to 
the use of better materials is unfounded. 
The results of the researches of industrial 
laboratories have shown the gain-response 
time ratio of conventional magnetic am- 
plifiers using Deltamax cores does not es- 
sentially differ from that being attained with 
other materials. The principal advantage 
to the use of this material lies in its higher 
saturating flux density. The principal dis- 
advantage lies in its wider magnetization 
loop (some ten times that of other materials 
such as Supermalloy). The selenium output 
circuit rectifiers are stock items of the same 
quality as those used in commercial am- 
plifiers. The pesition in which the germa- 
nium rectifiers are used has no counterpart in 
conventional circuitry and therefore can- 
not be compared. 

One of the ways of improving the gain of 
the new circuits is to utilize materials with 
narrower magnetization loops. However, 
until improvement can be made in the out- 
put circuit rectifiers, cancellation of control 
circuit currents offers the most immediate 
method of realizing higher gain. Since the 
control circuit relations depend only upon 
the existence of a control circuit current and 
not upon its magnitude, functional and 
average negation of this current may be 
accomplished by appropriate auxiliary cir- 
cuitry. The circuit illustration in the paper 
does not represent the maximum gain at- 
tainable with the given materials. 

The results Mr. Malick has achieved 
very nicely confirm those obtained in this 
laboratory with a single rectifier as the non- 
linear control circuit element. It will be 
interesting to note the results he accom- 
plishes when he examines the use of other 
types of nonlinear elements in the control 
circuit. 

The author anticipates no considerable 
difficulty in adding signals or shifting the 
characteristic. Signals can be added in 
series and characteristic shift can be accom- 
plished by series constant voltage. 
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Economic Factors Which Influence 


Dieselization and Electrification 


CHARLES KERR, JR. 


MEMBER AIEE 


HE DIESEL- electric locomotive has 

been adopted extensively for new 
motive power purchasesin North America. 
In many other regions throughout the 
world (South America, Australia, Europe, 
Africa, India), electrification has been 
selected for operation of major railway 
systems. These differing trends have led 
to speculation concerning the economic 
status of these two types of motive power. 
This paper briefly explains the reasons 
which have led to these diverse decisions, 
and attempts to show that they are the 
logical result of conditions which cur- 
rently prevail in various parts of the 
world. 

Major railroad systems were created 
around the steam locomotive-with its re- 
ciprocating drive. Until the advent of 
the electric drive, there was no available 
alternative to the steam reciprocating 
locomotive for universal railroad appli- 
cation. The remarkable developments 
which have taken place in the electric 
drive have shown its superiority to the 
reciprocating steam locomotive to be so 
great that the trend today is almost ex- 
clusively towards some form of locomotive 
incorporating the electric drive. 

Locomotives utilizing the electric drive 
may be powered by diesel engines, steam 
turbines, gas turbines or by overhead 
trolley systems fed from large central 
stations. For purposes of this discussion, 
the diesel-electric and electrification only 
are considered because the turbine loco- 
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motives, either steam or gas, have not re- 
ceived wide commercial application. 

Since the diesel-electric and the straight 
electric locomotive both employ electric 
transmission of power to the driving 
wheels of a locomotive, they have, or can 
be made to have, many identical charac- 
teristics for haulage purposes which are 
superior to the characteristics of the re- 
ciprocating steam locomotive. The main 
difference in these two types lies in the 
primary source of power for the electric 
drive. When these primary power sources 
for the diesel and the electric locomotive 
are analyzed, it is found that three major 
differences exist between the two types of 
locomotives: 


1. The diesel-electric locomotive, which 
must carry its own prime mover, is definitely 
limited in horsepower output by the ca- 
pacity of this prime mover, and by the 
limitations placed on this capacity from 
weight and clearance restrictions which will 
differ widely on rail systems throughout the 
world. The electric locomotive, which 
receives power from large stationary power 
sources, is not subject to these same restric- 
tions. Consequently, higher horsepower 
electric locomotives can always be pro- 
duced, providing a higher standard of rail 
operations within the same weight and 
clearance restrictions. 


2. Diesel operation must carry the main- 
tenance expense which accompanies a 
multiplicity of small mobile prime movers, 
while electric operation, when electric 
energy is purchased, avoids this expense. 
The maintenance of these prime movers 
comprises 40-50 per cent of the total diesel 
locomotive repair cost.. The maintenance 
expense of the electric locomotive, including 
a pro rata share of the distribution system, 
should be lower when the mobile prime 
movers are eliminated. 


3. Electrification provides a broader range 
of possible fuels. Electric energy may be 
produced from residual oils, natural gas, or 
coal in large steam stations, and in many 


re 


localities from water power. On the con- 
trary, diesel operation is restricted to diesel 
fuel which is often in scarce supply and 
high in price. When available sources of 
fuel are restricted in volume or in kind, 
electrification will provide an insurance 
against fuel shortages or adverse prices to a 
greater degree than any other type of rail- 
road motive power. 


Beside these basic differences in the two 
types of motive power, there are many 
others, of anature peculiar to specific local- 
ities or countries, which may have a very 
controlling influence on the adoption of 
either diesel or electric motive power. A 
thorough knowledge of these specific con- 
ditions usually will explain why the 
proper answer to the railroad operating 
problems of one country does not nec- 
essarily apply to all countries. 


Dieselization in North America 


The widespread adoption of the diesel- 
electric locomotive by the railroads of 
North America has created the impres- 
sion, in some quarters, that railroad elec- 
trification is an obsolete form of motive 
power. An analysis of the conditions 
which brought about this dieselization 
does not necessarily substantiate this 
conclusion. 

Most major railroads in North America 
are privately owned corporations which 
must have profitable operation for their 
existence. At the close of the second 
World War, these railroads were faced 
with rapidly rising operating expenses 
which were not accompanied by a propor- 
tionate increase in operating revenues, a 
combination that produced a very un- 
favorable operating ratio. Motive power 
on the railroads consisted predominantly 
of reciprocating steam locomotives whose 
operation was handicapped by rising fuel 
costs, and even worse, by labor troubles in 
the coal industry which caused, on several 
occasions, serious curtailment of railroad 
operations and threatened continuation 
of railroad service. These conditions 
forced the adoption of a new type of 
motive power capable of being installed 
in a short period of time; and a type 
which would provide immediate operat- 
ing economies and immediate relief from 
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troubles incident to the use of coal as the 
major railroad fuel. The diesel-electric 
locomotive was the logical answer to the 
problems which beset these railroads. 

The diesel, by its use of the electric 
transmission, provides a locomotive ca- 
pable of delivering constant horsepower 
at the rail over the normal working range. 
This speed-tractive effort characteristic 
permits larger trains to be hauled on 
faster schedules, eliminates double-head- 
ing of locomotives, and reduces helper 
service. These provide operating econ- 
omies of considerable magnitude. They 
are the operating benefits of any locomo- 
tive which incorporates the electric drive. 

The diesel-electric locomotive is a type 
which lends itself to a high degree of 
standardization, allowing production of a 
few models. American industry was pre- 
pared to produce this type of locomotive 
in large quantities. The diesel, therefore, 
met the demand for a better locomotive 
which could be produced in a short period 
of time and which could be operated with- 
out demanding extensive changes to the 
road way and other railroad fixed prop- 
erty. Under prevailing circumstances, it 
was an immediate answer to a pressing 
railroad situation which confronted the 
North American railroad industry. 

The tremendous distances spanned by 
the main line railroads of North America 
have been an obstacle to extensive electri- 
fication and have worked to the adoption 
of the diesel. To secure the greatest bene- 
fits from any type of motive power on 
these far-flung systems, it is necessary to 
operate locomotives on long runs. In the 
ease of electrification, this would require 
installations extending over several hun- 
dred or thousands of miles of line. Such 
installations naturally involve expendi- 
tures of great magnitude, especially if 
detour routes are provided for emergency 
conditions. 

Where railroad systems are _pri- 
vately owned corporations, funds for im- 
provements must be secured from private 
banks, insurance companies, or by the 
sale of securities to the public. The credit 
of many railroads was not sufficiently 
sound to secure the large funds required 
for major electrifications at favorable in- 
terest rates due to the nature of the credit 
situation which exists under private 
ownership. 

Locomotives themselves can be pur- 
chased on equipment trust loans where 
the only security offered to the lender is a 
mortgage on the locomotives purchased. 
These loans have enjoyed such prestige 
that money can be readily secured in this 
manner. More recently, insurance com- 
panies have purchased locomotives for 
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rental to the railroads, the latter being 
under no obligations other than periodical 
rental payments, With these methods of 
financing, locomotives are readily secur- 
able by any privately owned railroad, 
more or less regardless of its financial 
condition because locomotives can be re- 
claimed and resold should a railroad de- 
fault on its payments. 

The wayside facilities, trolley transmis- 
sion lines, substations, which are a part of 
all electrifications, cannot be financed in 
North America in the easy manner avail- 
able for locomotive purchases. Money 
for this type of apparatus requires the 
sale of bonds, secured by a mortgage on 
the railroad. This increased fixed in- 
debtedness is not welcomed by any rail- 
road financed by private capital. 

Of all factors influencing motive power 
developments in North America, the fuel 
situation is probably paramount. This 
region is fortunately blessed with an 
abundant amount of diesel fuel which 
can be secured in practically all sections 
at a reasonable price. On the contrary, 
electric power, in the regions through 
which the densest rail traffic moves, is 
produced predominantly from coal, a 
fuel which has risen rapidly in price and 
has been subject to serious shortages. 

One of the past economies of electrifica- 
tion in North America has been a sub- 
stantial saving in fuel expense, especially 
comparing electric operation to steam 
operation. Today, diesel oil can be se- 
cured for 8 to 11 cents a gallon almost 
universally throughout the country, while 
electric power produced from coal costs 
0.8 to 1.0 cents per kilowatt-hour if ex- 
ceptionally good load factors are secured, 
and may be even higher if purchased 
under adverse conditions. With these 
prevailing prices of diesel oi! and electric 
power, electrification cannot show econ- 
omy in fuel expense. This particular re- 
lationship between these two major 
sources of energy does not exist in other 
parts of the world except in limited cases. 

There is no evidence that North 
America will|be faced in the immediate 
future with a shortage of diesel fuel for 
railroad operations or with a marked in- 
crease in its price. In contrast to this 
ample supply of diesel fuel, the nation has 
faced a shortage of electric power con- 
tinuously since the conclusion of the sec- 
ond World War. This shortage has been 
so serious that the electric power industry 
has not been in a particularly favorable 
position to assume major loads such as 
extensive railroad electrifications. In 
spite of the greatest expansion of the 
power industry in history during the past 
five years, a shortage of power has existed. 


In the past decade the railroads of 
North Americahave been forced to findan 
economical type of motive power to re- 
place the reciprocating steam locomo- 
tives. The type of motive power selected 
had to be one of proven economy, one 
which could be produced rapidly, one 
which could be readily financed without 
impairing railroad credit, and one which 
operated on an abundant, inexpensive and 
readily available fuel. The diesel-electric 
locomotive met these conditions for the 
privately owned railroads. 

The diesel-electric locomotive has rev- 
olutionized railroad operations in North 
America. Its use will be extended more 
and more not only here, but elsewhere 
throughout the world. But this extended 
use should not imply that the electric 
locomotive is an obsolete type of motive 
power, nor that its use should not be ex- 
tended wherever conditions exist which 
make its operation economical. 


Motive Power Situation Outside of 
North America 


The conditions which have made the 
diesel imperative for the railroads of 
North America do not exist to a similar 
extent in many other countries. 

In spite of its operating advantages, the 
diesel-electric locomotive would never 
have reached universal acceptance in 
North America if that region had not had 
an abundant supply of oil, with an assured 
source of supply under all world condi- 
tions and with a favorable price level. 

A comparison between current fuel 
prices in the United States and those in a 
foreign country having an extensive elec- 
trified service, is representative of the 
different conditions which may exist 
throughout the world, as shown in tabu- 
lation below: 


United States Foreign 
Coal per ton (2,000 Ib.).....$5.34_ ....$16.80 
Diesel oil per gallon.......... QUOD bos wis 5:5 16.1¢ 
Electricity per kw-hr......... PSO6L Ooo. s:s 0.667¢ 


With these fuel prices, the relative cost 
of producing 1,000 horsepower hours of 
useful work at the locomotive driving 
wheels is as follows: 


a 


United States Foreign 
With Coalmameptemrnaisnierrio oc SLE OG 0 os. sua $3.38 
With. dieselioils a. <a. osstenae SORSO. Seal $1.43 
With electric power........... S106)... 202 $0.67 


In the United States the average cost of 
electric power is 133 per cent that of 
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diesel oil, while in the selected foreign 
country it is only 47 per cent that of 
diesel oil. In other words, the fuel situa- 
tion in the foreign country is roughly 
23/, times more favorable to electric op- 
eration. Conditions similar to these 
might be cited for other countries which 
have limited coal and oil resources. 

The fuel situation, price, availability, 
and assurance of supply must be a para- 
mount consideration in any selection of 
motive power. In any area without an 
assured supply of oil, electrification offers 
the-widest protection against all uncer- 
tainties in sources of fuel for railroad op- 
erations. Again, in most countries where 
a questionable supply of oil exists or 
where its price is relatively high, electrifi- 
cation will produce a marked operating 
economy in the operation of heavy traffic 
rail lines. 

Besides economies in fuel, electrifica- 
tion will show other savings, generally 
speaking, compared to the diesel. Loco- 
motive maintenance should be lower on 
the straight electric locomotive because 
the mobile prime movers are eliminated. 
On most railroads outside of North 
America smaller trains are operated. The 
number of locomotives owned per mile of 
railroad is, therefore, greater, producing 
a proportionately increased economy in 
locomotive maintenance by the avoidance 
of locomotive prime movers. 

Most railroads of the world, exclusive 
of North America, are built for maximum 
loads per axle of 35,000-40,000 pounds 
against 60,000-65,000 in North America. 
It is a more difficult problem to build high 
capacity diesel-electric locomotives for 
these roads with weight, clearance and 
gattge restrictions. On the contrary, high 
capacity electric locomotives, which do 
not carry their own prime movers, can be 
constructed satisfactorily for operation 


under these prevailing restrictions. 


Wherever the desire exists to produce a 
very high standard of service under re- 
stricted loadings and clearances, the ad- 
vantages of electric power become more 
pronounced. Electric locomotives have 
been constructed to produce 4,000 rail 
horsepower per 100 tons on drivers while 
no American diesel has yet exceeded 
1,650 rail horsepower per 100 tons on 
drivers. This advantage of the electric 
locomotive under limited weight and 
clearance restrictions is not appreciated. 

Generally speaking, rail systems outside 
of North America do not extend over 
comparable distances. Because of this 
fact, it is often possible to reap the bene- 
fits of electrification through rather mod- 
est investments for installations of rela- 
tively small mileage. The nature of the 
traffic, supplemented by a higher per- 
centage of locomotives per mile of track 
makes electrification a more lucrative in- 
vestment. As most foreign rail systems 
are government owned, the peculiar finan- 
cial problems incident to North America 
do not exist. 

The diesel locomotive was made prac- 
tical by standardization. There has al- 
ways been a reluctance to standardize 
electrification systems and their compo- 
nent parts. The economy of electrifica- 
tion could be greatly improved if the rail- 
roads would permit a greater degree of 
standardization, not only as it pertains to 
trolley voltage, but also motive power. 
The manufacturers of electric motive 
power and machinery would welcome 
standardization. The railroads should 
reach agreement on a few basic standards 
and cease preparing difficult specifications 
to suit some fictitious requirement. This 
practice has ceased with the diesel, other- 
wise present prices could never have been 
attained. The principal need in railroad 
electrification is to find means to reduce 
first cost, and if this can be made possible, 


the field for its economical use will be 


expanded. Hs 


General Summary 


Wherever it can be economically justi- 
fied by traffic density or favorable fuel 
sources and prices, electrification remains, 
as it has in the past, the finest method yet 
devised for operation of the world’s major 
railsystems. By its use a higher standard 
of service can be produced, the nfainte- 
nance expense lowered, and in many parts 
of the world, a decided economy affected 
in the cost of fuel or energy. Unfortu- 
nately, conditions in North America have 
made it impossible to expand electric op- 
eration. The trend in this area, neverthe- 
less, should not prejudice the views of 
railroad management elsewhere who must 
operate under radically different economic 
conditions. 

At the moment, two types of power are 
available with assured background of ex- 
perience, the straight electric and the 
diesel-electric. Each type can be built to 
give a most creditable performance. The 
important factor is to see that each is ap- 
plied where conditions are suited for best 
over-all economy. 

In closing this discussion of dieseliza- 
tion and electrification, mention should be 
made of the gas turbine. In the not too 
distant future, this type of electric loco- 
motive may be available for general appli- 
cation in road passenger or freight service. 
It offers certain promising features, 
especially an ability to burn residual fuels 
and possibly coal. Its major characteris- 
tics as a motive power unit will closely 
follow those of the diesel, and its widest 
applications appear to be in services now 
handled by the larger diesel road locomo- 
tives. Where electrification now is justi- 
fied in comparison with the diesel, it 
likely will be justified in comparison with 
the gas turbine. 


Discussion 


P. A. McGee (Great Neck, N. Y.): Mr. C. 
Kerr’s presentation of the position of diesel 
motive power on our railroads, I believe, is 
altogether too apologetic. 

Electric transmission of power to the 
wheels of a locomotive is, of course, ideal, 
and could just as well be applied to a loco- 
motive with steam power as to a diesel loco- 
motive. 

However, the steam electric locomotive, 
despite the ideal transmission gear and the 
large amount of money spent on its develop- 
ment has not proved economically practical. 
There are other reasons for the employment 
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of diesel power besides the electric trans- 
mission gear. 

In suburban, subway and rapid-transit 
services where train weight and power de- 
mand for frequent rapid accelerations are 
the controlling factors, direct electric power 
is the logical and, as of this date, the 
economic source of power. 

The advantages of direct electric power in 
these services follows from the short time 
rating of electric transmission which can be 
fully exploited in this type of service, and 
the extraordinary light weight of the electric 
propulsion equipment when applied direct 
to the car trucks and underframe. A sub- 
way train may, for a matter of seconds dur- 
ing acceleration, take over 15,000 horse- 
power, and the weight of the electric pro- 


pulsion equipment is less than 30 pounds per 
horsepower. 

Where locomotives are employed as in 
mainline service the conditions are radically 
different. With motor car operation, the 
passenger and his supporting structure sup- 
plies the weight necessary to permit the 
motors to develop the required adhesion for 
rapid acceleration. Locomotives must 
have the necessary axle weights to develop 
their power and to accelerate the trains. 
With the present development of the art, 
diesel power plants normally employed in 
locomotive services in this country weigh 
around 20 pounds per horsepower. The 
electric transmission may*weigh around 25 
pound per horsepower in passenger service. 
In freight service, the electric transmission 
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Table | Table Il 
4 fie Sea United States Foreign 
a Sut RK Soni Freight Freight 
} aoe Pa oe Switching per 1,000 Passenger Switching per 1,000 Passenger 
a = o 3 mel 3 Service Gross-Ton- per Service Gross-Ton- per 
2 4 we q 2 per Hour Miles Car Mile per Hour Miles Car Mile 
BE © Siens ua at a d Biel is” evar 
oy Baa AO ry 
Steam coal..... S250 iio he ROx Ol oh. s ta BOV0GS oe sae BC cAGae aces po UGs etic amelie 
DIESE tint es SOP OS eae s PO. WO srcsin $0,025 Tigi is DL events 6a $0.26......$0.045 
Coal steam, pounds...... 887.00. .122.00..20.50 — Blectric........ $1820. FH SORIA TY $0.038+0.004...... SOVC0 ee $0.19......$0.024-+0. 008 
Oil steam, gallons........ 62.88.. 8.54.. 1.07 RBleatrie sce ccs acest $0. 042 ; “$0 032 : 
Oil diesel, gallons........ 6.34,. 1.60.. .28 S a ee eee ee a ES pea e SRE RE ee CR = hice 
29.29.. 3.60 * Diesel fuel costs for heating of 0.05 gallon per car mile added to electric passenger costs. 


Kw-hr Nala (1948)....124.00.. 


may be considerably heavier. The support- 
ing structure trucks and auxiliary gear may 
weigh around 100 pounds per horsepower. 
This gives a total diesel locomotive weight of 
approximately 150 pounds per horsepower. 

Experience in highspeed passenger sery- 
ice indicates that very little advantage 
would be gained by reduction in locomotive 
total weight from the 150 pounds per horse- 
power value, except on practically level 
track. In freight service today, the tend- 
ency is to add ballast to any locomotive unit 
weighing less than 150 pounds per horse- 
power. The switching service weights of 250 
to 800 pounds per horsepower are found to 
be the most practical. 

Diesel engines in transportation services 
operating at 1,200 rpm to 2,500 rpm weigh 
as low as 5 pounds per horsepower. Such 
power could be applied to locomotives but 
there would be little sense in reducing the 
weight of the diesel power plant with a 
corresponding reduction in reliability, and 
then add dead ballast to a locomotive to 
obtain adhesion. 

The value of relative lightness of electric 
locomotives is largely a paper advantage. 
Our experience with diesel locomotives as 
stated indicates this fact. 

The development of the possible short 
time rating of an electric locomotive may, 
in many cases, be very costly. It may seri- 
ously increase the maximum power demand 
and penalize the cost of electric power with 
negligible operating advantages. The ori- 
ginal Chicago, Milwaukee & St. Paul 
electrification included an elaborate arrange- 
ment to control maximum power demands. 

In main line service, the self-contained 
diesel locomotive capable of operating on 
any rail line without the addition of vul- 
nerable transmission and distribution sys- 
tems on the right-of-way has a great inher- 
ent advantage over any other type of power 
developed to date, provided it meets the 
economic requirements of the operation. 

The explanation for the wholesale adop- 
tion of diesel power on our American rail- 
roads is the large economic advantage of this 
type of power: it is cheaper to buy. A 
diesel locomotive costs less per horsepower 
than a thermal plant requires with electri- 
fication. It is more flexible in operation, 
permitting large assignment and crew sav- 
ings. 

Diesel power saves in maintenance and 
servicing expenses. It is thermodynamically 
the most efficient unit available. 

It gives a large fuel economy when diesel 
fuel is available. 

In this country, the out-of-pocket ex- 
penses with diesel locomotive operation are 
less than half those of steam operation in 
practically all regions. 

It is a matter of passenger-car-mile and 
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freight-ton-mile performance required to 
determine the period ovet which the diesels 
will pay for themselves. 

The diesel situation in foreign countries 
today is just about in the position in which 
it was in this country 10 or 12 years ago. 
It is changing rapidly, and I believe since 
Mr. Kerr’s paper was written, at least one 
of the continents mentioned in the opening 
paragraph of his paper, as being committed 
to electrification, has now decided on ex- 
tensive diesel application. 

It is true that axle loads permissible on 
foreign railroads are limited. However, this 
requirement is in part compensated for by 
the fact that they require less horsepower 
per locomotive and haul much lighter trains 
with less buff and pulls than normally re- 
quired in the United States. As a result, 
designs have been completed and units 
actually built which, I believe, meet the 
majority of foreign requirements on stand- 
ard or larger gauge. 

Mr. Kerr mentions that the railroads in 
this country are privately owned and must 
obtain their financial support for develop- 
ment and improvement through private 
sources. : 

Mr. Kerr also states that due to rapidly 
rising operating costs with what might be 
implied to be obsolete steam power, that the 
railroads were forced to radically change 
their motive power, and to change it quickly 
as possible. 

The diesel locomotive, as developments 
show, supplied the answer, and note, with- 
out any support from our government. 

In referring to railroads outside of North 
America, Mr. Kerr points out that they are 
mostly government owned, and as such can 
more easily finance the heavy expenditures 
required with electric railroad distribution 
and transmission systems. 

There is no doubt that diesel fuel is scarce 
in certain countries as is also gasoline. 
However, it is extremely doubtful that the 
economy of Africa, Australia, India, or 
South America could dispense with the 
automobile, bus, and truck. When you come 
right down to actual requirements, I be- 
lieve that you will find that the amount of 
fuel oil required in these continents to 
operate their limited rail operations would be 
negligible in comparison with their gasoline 
requirements. The fuel situation with re- 
gard to diesel power is generally overstressed. 

In this connection, I would like to refer 
to Mr. Kerr’s comparison of fuel prices and 
fuel operating costs. 

The fuel unit costs assumed, appear to be 
quite representative, with the possible ex- 
ception of foreign electric power. The 
situation, I feel, is rather unique where 
electric power at a possible load factor of 40 
per cent, with a possible seasonal factor cost 
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of 6.67 mils where coal costs $16.80 per ton 
and diesel fuel costs 16 cents per gallon. 

In measuring the amount of work per- 
formed in a given railroad operation, I 
fear that Mr. Kerr has oversimplified the 
problem in taking the 1,000-horsepower- 
hours as a direct operation with the three 
types of power. To start with, a 1,000- 
horsepower unit would take between two or 
three hours to develop 1,000-horsepower- 
hours of work in main line service, and a 
switcher logomotive would take at least 10 
or 12 hours to produce this work. 

To those seriously interested in the rela- 
tive fuel consumption and cost values with 
different types of power on American rail- 
roads, reference may be made to the excel- 
lent records of the Interstate Commerce 
Commission or Association of American 
Railroads. If we take the Association of 
American Railroads record for the latest year 
published (1949), the unit values of fuel con- 
sumption are shown in Table I of this dis- 
cussion for the three major operations on 
Class I railroads, on the accounting basis per 
locomotive hour in switching service, per 
1,000 gross-ton-miles in freight service, and 
per car mile in passenger service. 

With domestic fuel costs of: $5.34 per 
ton coal; 9.09 cents per gallon, diesel; and 
10.6 mils per kilowatt-hour, electric; and 
comparative fuel costs of $16.80 per ton; 
16.1 cent per gallon, diesel; and 6.67 mils 
per kilowatt-hour for electric, respectively, 
as assumed in Mr. Kerr’s paper. See Table 
ILof this discussion whichshows the approxi- 
mate costs that result in the United States 
and foreign countries with the three types 
of services considered. 

Comparing Mr. Kerr’s values with those 
given in this discussion, it will be noted that 
with domestic operation, the savings with 
diesel power over steam or electric is 76 
per cent in switching, and over 50 per cent 
in road services, instead of the 20 per cent 
shown in Mr. Kerr’s table. 

In foreign operation, the diesel costs are 
50 per cent greater in switching and be- 
tween 37 per cent and 40 per cent greater in 
road service, rather than the over 100 per 
cent shown in Mr. Kerr’s table. 

In domestic operation, the large fuel sav- 
ings are well known and understood to be of 
the order of 50 per cent over coal and 
electric. In foreign services, I feel that a 
more thorough investigation is necessary to 
develop the exact fuel costs before rushing 
to the foreign and United States treasuries 
for funds to exploit some hastily conceived 
projects. 

There are many railroad problems which 
can be most economically answered today 
with straight electrification. 

An abundance of cheap electric power is 
a most favorable factor, and short-haul 
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mountain or tunnel operation on heavy 
grades can very well be handled economi- 
cally with electric power. 

With the progress of the automotive in- 
dustry, and our world-wide economic de- 
pendence on liquid fuel, coupled with the 
very promising developments of liquid fuel 
from solid fuel, the diesel locomotive de- 
serves a more thorough understanding by 
foreign railroads, and those interested in 
their development. 


Charles Kerr, Jr.: P. A. McGee’s discussion 
of this paper principally raises only one 


issue, namely, the relative fuel costs of diesel 
and electric locomotives, In all other re- 
spects he seems to be in virtual agreement 
with the author. 

In his presentation of relative fuel costs, 
Mr. McGee has taken the comparative 
figures published by the Interstate Com- 
merce Commission. The author is well ac- 
quainted with these reports, but refrained 
from using them as a basis of comparison 
in the paper because they are not strictly 
comparable. 

Most electrifications in the United 
States operate in territory where operat- 
ing conditions are more severe than aver- 


re 


age railroad service requirements. Nat- 
urally, the power consumed to haul trains 
in electrified territory is higher than the na- 
tional average, the latter however being rep- 
resentative of diesel operations. 

Consequently, in presenting figures on 
fuel comparisons, the author felt that 
strictly comparable costs could best be se- 
cured by assuming that all types of loco- 
motives should perform the same amount of 
work, and from this basis, derives fuel costs 
from realistic estimates of overall system 
efficiencies. This presents a more truly 
representative comparison than that given 
by Mr. McGee. 
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Economic Evaluation of Fuel and Energy 


Sources for Railway Motive Power 


T. M. C. MARTIN 


ASSOCIATE AIEE 


Synopsis: The trend towards widespread 
utilization of diesel-electric motive power in 
main-line operations continues unabated 
with some authorities predicting complete 
dieselization in the relatively near future. 
There can be no denying the physical supe- 
riority of diesel-electric locomotives over 
the fast disappearing steam locomotives 
that have dominated the American motive 
power scene for over 100 years. There are, 
however, economic questions of some im- 
portance raised by the phenomenal speed 
with which the change-over is being accom- 
plished and the consequent demand imposed 
on the nation’s middle distillate capacity 
and the petroleum resources upon which this 
capacity depends. Locomotives with elec- 
tric traction motors are probably here for 
the long pull, but there may be reason to 
believe that the electrical energy to supply 
their traction motors can be produced at 
lower cost in ways other than with diesel- 
electric prime movers. Under certain cir- 
cumstances of petroleum product demand 
and supply the gas-turbine electric loco- 
motive may be found to have an economic 
justification. Similarly, the trolley-electric 
locomotive can undoubtedly be justified in 
situations where hydroelectric, and perhaps 
other low cost electric generating facilities 
create a competitive price differential suf- 
ficient to overcome the initial cost handicap 
occasioned in providing the fixed facilities 
required to bring energy to the pantographs 
of trolley-electric locomotives. In the 
Pacific Northwest, for example, it can be 
demonstrated that on the basis of present 
prices of electric energy and diesel fuel the 
extra investment required for operation of 
trolley-electric locomotives can be recovered 
from operating savings in about ten years. 


Economic Changes Since 1948 


1* 1948 the author presented a paper! 
which discussed the comparative costs 
of coal, residual oil, diesel oil, and electric 
energy for motive power operation in the 
Pacific Northwest. Some of the questions 
raised in that paper have been resolved or 
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at least the solutions have been fairly 
well determined in the interim. However, 
at least one new factor, that is, the gas- 
turbine locomotive has entered the pic- 
ture, and the basic question of compara- 
tive fuel economy remains largely un- 
solved. It is believed appropriate, there- 
fore, to re-examine the analyses then of- 
fered in the light of technologic changes 
in motive power utilization in the mean- 
time, and with particular regard for the 
present and prospective national defense 
program and its probable impact on the 
availability and price of various fuels. 

In the 1948 paper! attention was in- 
vited to the impressive growth in the 
numbers of diesel-electric locomotives in 
use on American railroads, and the pre- 
diction was made that before long 50 per 
cent of all railway motive power work 
units would be performed by diesel-elec- 
tric locomotives. That point is virtually 
here now. By the time this paper is 
delivered, the Interstate Commerce Com- 
mission statistics will reveal that the total 
work units performed on Class I carriers 
in the United States are at least 50 per 
cent attributable to diesel-electric motive 
power. Some of our railroads have be- 
come nearly 100 per cent diesel operated 
and others, among which are a few of our 
largest transcontinental carriers, are ap- 
proaching the 75 per cent point. 

At the time the previous paper was 
written the author was not inclined to 
make the prediction that the reciprocating 
steam locomotive would pass entirely 
from the rosters of American railroads, 
and he is not now inclined to suggest 
that this is likely to happen very soon. 
However, it now is apparent that the 
reciprocating steam locomotive has suf- 
fered a blow that may eventually prove 
fatal. The latter is no figure of speech, 
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for in the past few years a number of 
thousands of steam locomotives have 
been melted down in an endeavor to cash 
in on present high scrap prices and clear 
the way for a widespread swing to diesel- 
electric motive power. It is also in point 
to record the fact that locomotive builders 
in this country have virtually ceased the 
manufacture of reciprocating steam loco- 
motives, and have retooled their facilities 
for the production of diesel and gas-tur- 
bine-electric units. In the previous paper 
it did not seem worth-while to mention 
the gas-turbine-electric locomotive, al- 
though two were in experimental develop- 
ment at the time. It still does not seem 
appropriate to deal with the coal-fired 
gas-turbine locomotive for it has not yet 
at least been convincingly demonstrated 
that it is a practical contender in the 
motive power field. It is possible, how- 
ever, to set forth some tentative observa- 
tions on the probable economics of the 
oil-fired gas turbine, since one of these 
types now has a reasonable amount of 
actual road operating experience in back 
of it, and its builders have, as a result 
thereof, a sizable order for additional 
units for early delivery. 


Era of the Electric Traction Motor 


There can be little remaining doubt 
that the railroads have embarked on a 
course from which there is no easy re- 
versal. Except in the event of an ex- 
treme national emergency requiring a 
drastic cut in petroleum use and a return 
to coal as an energy source, it seems 
unlikely that railroads will ever again rely 
strongly on the reciprocating steam loco- 
motive. The electric traction motor has 
revolutionized railroading to the point 
that barring phenomenal developments in 
the field of hydraulic torque converters 
it is a reasonable expectation that what- 
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Table |. Illustrating Method of Computing Average Tractive Resistance of Selected Sections 
of Railroad 
(2) 
(1) Miles Per (3) (4) (5) (6) 
Compensated Hundred Tractive Resistance Column (2) X Column (5) 
Gradient Miles, Grade, Traction, Total, (Plus (Minus 
Per Cent Per Cent Pounds Pounds Pounds Values) Values) 
Typical Light Profile 
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Rm=9.3 pounds per ton 
-—- Typical Medium-Heavy Profile 
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Rm=13.3 pounds per ton. 
r=5.3 pounds per ton. 


ever the primary energy source employed 
the means of creating actual tractive effort 
at the rail will be the electric traction 
motor. The question of whether main- 
line railway motive power will be electric 
or not is largely decided—it will be. 
What has not been fully determined as 
yet is whether the electricity which drives 
the traction motors of the locomotives 
will be generated in a central station and 
conveyed to the locomotive through a 
transmission-trolley-pantograph system, 
or whether it will be generated on the 
locomotive with a relatively small in- 


Table Il. Fuel and Energy Requirements for 
Operation over the Typical Profile Illustrated 
in Table | 


Medium- 
heavy 
Profile 


Light 
Profile 


Ruling grade (per cent)....... OnSiret 1.6 
Total tractive resistance on 

ruling grade (pounds per 

COM) eso onstrate rane Die. 38 
Average tractive resistance 

Motoring (Rm) pounds per 


COMM tas vein hota e seeteben esiyag 13.3 
Regenerating (Rr) pounds 
PEEMEOMM Gs oansc rsh Miesisity Sah aekel hey me EE ete 5.3 
Total weight of locomotive, 
RONSEA= a Ayre eiedeobameenies vente 230. 460 
Continuous tractive effort at 
16 per cent adhesion, 
POUMMASH cetox eres i ieseouavyseraa eens 73 ,600.. .147,200 
Ratings 
Gross tons 3. in.c0 2 pee eee 3,340... 3,870 
Gross tons trailing.......... 3,110. 3,410 
Fuel and energy requirements 
per KGTM 
Gallons of diesel fuel........ eD8in. 2.26 
Gallons of gas-turbine fuel... 2.32... 3.32 
Kilowatt-hours............. 2 Dante 33.0 


Fuel and energy requirements 
per locomotive mile (in- 
cluding locomotives) 


Gallons of diesel fuel...... 5.28... 8.75 

Gallons of gas-turbine fuel... 7.75... 12.85 

Kilowatt-hours............. CRIB? erecta (77 fet f 
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ternal-combustion engine or turbine as 
prime mover. As was stated in the 
previous paper, generation of power on 
the locomotive has certain undeniable 
advantages. The locomotive is rendered 
independent of all trolley limitations. 
This is not an unmixed blessing, however, 
either technologically or economically 
speaking. Relatively small locomotive- 
borne prime movers have a number of 
limitations largely associated with space 
and weight considerations that influence 
their design within railway clearance 
diagrams. The most serious limitations 
of the self-contained prime mover types 
of locomotives arise, however, from eco- 
nomic factors. With the failure of the 
coal-fired, internal-combustion turbine 
thus far to qualify, it becomes apparent 
that the self-contained units are now, 
and promise for some time to come to be 
dependent upon petroleum in some form 
as fuel. The diesel utilizes a middle- 
distillate product and the gas turbine at 
present utilizes a special product, ap- 
parently a form of residual but somewhat 
higher in cost than the ordinary run of 
bunker fuel. 


Derivation of Working Equations 


It is the purpose of this paper to com- 
pare the competitive costs of operating 
diesel-electric, gas-turbine-electric, and 
trolley-electric locomotives under varying 
conditions of profile. The basic physical 
relationships and working equations that 
are useful in analyzing the comparative 
costs are: 


work =efiergy =distance X force (1) 
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energy = power X time ae) 


ve 


The basic units of the above equations 
are feet, pounds, foot pounds, et cetera, 
and are seldom used in practical applica- 
tions. The more familiar practical units 
and equivalents between the electrical, 
mechanical, and thermal units involved 
will be derived. These latter relation- 
ships are not exact, but are entirely 
adequate for the purpose. 


Energy Units 


One horsepower hour=1,980,000 foot 
pounds 
One 
pounds 


kilowatt-hour = 2,640,000 foot 


Power Units 


One horsepower = 33,000 foot pounds 
per minute 

One horsepower = 1,980,000 foot pounds 
per hour 


One kilowatt =44,000 foot pounds per 
minute 

One kilowatt = 2,640,000 foot pounds 
per hour 


Thermal Units 


One British thermal unit=780 foot 
pounds 
Let 


KGTM =thousands of gross ton miles 

R=average total tractive resistance in 
pounds per ton 

W=work done against R per KGTM 


Taking 
work = distance X force (1) 
and converting to practical units 
W=1,000 X5,280R 

Expressing W in heat units 


2: 
we 1,000 X 5,280 R 
780 


W =6,800R (in Btu) (3) 


It is necessary to assume heat values 
for the fuels to be considered, and to fix 
some practical values for the over-all 
utilization efficiencies that can reasonably 
be expected when recognition is given the 
everyday working load factors that loco- 
motives will be likely to be operated at in 
main-line service. The efficiencies as- 
sumed below are the result of test data 
assembled over a period of years on two 
Western railroads. 

Let 


D=gallons of diesel fuel per KGTM as 
burned in Diesel-electric road loco- 
motives 2 

G=gallons of gas-turbine tuel per KGTM as 
burned in gas-turbine road loco- 
motives 


AIEE TRANSACTIONS 


Assumed heat contents of fuels as re- 
ceived are: 


Diesel fuel =140,000 Btu per gallon 
Gas-turbine fuel =150,000 Btu per gallon 


and over-all utilization efficiencies are 
assumed to be: 


Diesel fuel=40,000 Btu per gallon or 28.6 
per cent efficiency 

bine fuel=27,000 Btu per gallon or 
18.0 per cent efficiency 


Gas-t' 


Substituting in 


W =6,800R (3) 
cy Sta R=0.17R (4) 
Sap000 

6,800 
= R=0.25R 5 
27,000 (5) 


Equations 4 and 5 are basic equations 
which will permit determination of the 
approximate quantities of diesel oil and 
gas-turbine fuel required per thousand 
gross ton miles against varying values of 
average tractive resistance. 

Additional notation is required for 
derivation of expressions for electric 
energy requirements as follows: 

Let 


SKWH»m=kilowatt-hours per AGT M (as 
measured at the 3-phase 60-cycle 
supply sides of substations feeding 
railway loads, motoring) 

SKWH, =kilowatt-hours per KGTM (as 
measured at the 3-phase 60-cycle 
supply sides of substations feeding 
railway loads, regenerating) 

e=average over-all electric efficiency be- 
tween the rail and the 3-pbase 60- 
eycle supply sides of substations 
feeding railway loads 


A number of different values of e will 
be appropriate depending on the particu- 
lar type of transmission system, voltage, 
current, trackside substations, locomo- 
tives, et cetera, which are employed. 
Experience with the 12-kv 25-cycle sys- 
tem of the Great Northern Railway has 
demonstrated the accuracy of using ¢ 
equal to two-thirds, and for the purposes 
of this paper that value of efficiency will 
be assumed. 


Therefore 
Work =distance X force (1) 
5,280 X 1,000 X3 
DW Ay, = Ron Oey 6 
Po 26400002", n (8) 
and 
5,280 X 1,000 K 2 
SKWH, = Ing eae 7 
ptr 2,640,000 KB!” Se 
and net input energy will be 
SK WH —SKWH, (8) 


Note the subscripts on the average trac- 
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Table Ill. 


Comparative First and Operating Costs of Diesel-Electric and Trolley-Electric Loco- 


motives Operating over 400-Mile Division 


Typical Medium-heavy Profile—Price Levels of Mid-1951 


Diesel-Electric Trolley-Electric 


PEM aby CneK es viSQUTCE ty ccciste.c eh niesarsivial sw droale vi chasoictaeeusiee dieselifuely v2. aera. hydroelectric energy 
Lotaliannual locomotive miles?) 0 a eed. Sees aca cee S000} 0000 mics. . 3,000 ,000 
Avaial- gatles HEE locomotive ....is..Sis-<cnged Sielegie med Fes sw css os T5O2000). eon ee 159 ,000 
Gross'tons trailing per locomotive. . 00... 6.0.2..000s0cca0s SEO ceaiieres Gras 3,410 
First cost of items that vary with type of motive power 

20 locomotives at $600,000 each..............0.00ceece $12 000,000.03 . ernie $12,000 ,000 
Electrification fixed facilities 

400 miles of trolley and transmission line and struc- 

ENXLES ALIS Sa jOOO \PEkeenser Men M ewes eens tLe ere eave ee ai ¥ bie lee Wie eye ecawe oe fudace avenue Rlave 9,000 ,000 
50,000 kva frequency changers at $75.00) per kvaii.. iio cca dene smccceesaeecces 3,750,000 
100,000 kva trackside substations at $12.50 per kva.........-- cece cccecceuceces 1,250,000 
Communication and) signal Changes... sc css ee ds aven visialticsdaa aris civawtealeauceee 2,000 ,000 

Total first costs where differentials exist................... $12,000 ,000.......... $28 ,000 ,000 
Per Per 
Loco- Loco- 
motive motive 
Operating Costs Mile Per Year Mile Per Year 


Fuel and energy 
8.75 gallons diesel fuel per locomotive mile at 11.0 


CENTS PEL PaUOM epee fe ns one.s Foc euriheheneteres caxete avatars chee 


127.7 kilowatt-hours electric energy per locomotive 


mile at 4.0 mils per kilowatt-hour ............... 
TOW RIGAGLO Mn nr acche tert Caer tae tox aca dena aerate eB (orp soa oe 
Wocomiotiv e repairs iy atacrs siecle ems wierupeietas bie oes sie dgron Sie 
Locomotive depreciation at 5.0 per cent.............. 


Electrification fixed property costs 


Depreciation ‘at's Oper cents ed hele acetates «ne 
Operation and maintenance... sc cce cd ssi ecewtcasss 


Total annual costs where differentials occur........... 


aFelateinare ster teree ce eves cle x) VE in $0.51. ..$1,530,000 


. 0.04 1207000... ... 0.01 30,000 
- 0.64 1920), 000% rats 0.32 960 ,000 
- 0:20 600,000...... 0.20 600 ,000 
creaiotecinhet tamenitaiey se witr pve <-ciiztais 0.16. 480 ,000 
RN CIPD OO AE eae 0.10 300 ,000 
.$1.84....$5,520,000...... $1.30. ..$3,900,000 


tive resistances used in equations 6 and 7. 


Rm=the average total tractive resistance 
opposing movement 

R, =the average net tractive resistance as- 
sisting movement in all cases where 
the component resulting from down- 
grade movement exceeds numerically 
the components attributable to all 
other types of resistance 


Equations 6 and 7 must be computed 
separately and then offset as in equation 8 
to obtain final net energy requirements in 
all cases where regeneration is a factor to 
be considered. 


Profile Analysis 


Table I illustrates a suggested short- 
cut method of computing the average 
tractive resistance that has been found 
very useful. It yields adequate approxi- 
mations where the principal purpose is a 
comparison of the same profile operated 
with different kinds of motive power. 
Where absolute accuracy is requisite a 
more rigorous and detailed treatment will 
be appropriate. The light profile is 
typical of many miles of railroads located 
in the East and Midwest, whereas the 
medium-heavy profile is typical of a good 
deal of mileage of the Western group of 
catriers. 

It is important to recognize that fuel 
and energy must be expended moving 
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locomotives as well as trailing loads, and 
some method of quickly compensating for 
fuel and energy required by locomotives 
is desirable, and fortunately rather easily 
devised. The method which will be de- 
scribed rests upon the assumption that 
most modern locomotives which utilize 
electric traction motors as the means of 
creating tractive effort motorize all axles 
which means that total weight and weight 
on drivers are equal. Further, it has 
been fairly well established that good 
everyday conservative rating of these 
same locomotives limits normal continu- 
ous tractive effort to 16 per cent of 
locomotive weight. Engineers cheerfully 
argue this continuous adhesion question 
at great length and with little practical 
result, but the fact remains that a con- 
siderable body of empirical evidence 
points to 16 per cent as being something 
railroad men can live with. In any event 
where the same adhesion is used for all 
motive power types being compared, the 
absolute value of adhesion chosen can- 
cels out, and the argument becomes 
academic, 


Equivalent Fuel Requirements 


It now is possible to demonstrate the 
use of equations 4, 5, 6, and 7 utilizing 
the tractive resistance values shown in 
Table I. 

The proper resistance values are: 
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For light profiles: 
Rm =9.8 pounds per ton 
For medium-heavy profiles: 


Rm =18.3 pounds per ton 
R,=5.3 pounds per ton 


Taking the light profile: 


D=0.17Rm (4) 
=0.17X9.8 
=1.58 gallons of diesel fuel per AGT AW 


G=0.25Rm (5) 
=0.25X9.3 

=2.32 gallons of gas-turbire fuel per 

KGTM 

SKWHm =3.0Rm (6) 


=3.0X9.3 
=27.9 kilowatt-hours per AGT AL 


The medium-heavy profile yields: 


D=0.17Rm (4) 
=0.17X13:3 
= 2.26 gallons of diesel fuel per KGT AL 


G=0.25Rm (5) 
=0.25X13.8 
=3.32 gallons of gas-turbine fuel per 


KGTM 
SK WH» =3.0Rm (6) 
=3.0X13.3 
=39.9 kilowatt-hours per KGT AM 
SA WA; =1-3R; (7) 
=18X5.3 


=6.9 kilowatt-hours per KGT AW 


SKWHm—SKWH, =39.9—6.9 
=33.0 kilowatt-hours per KGTM (8) 


By assuming reasonable weights of 
locomotives operating over the profiles 
shown in Table I it will be feasible to cal- 
culate the comparative quantities of fuel 
required per locomotive mile. An ap- 
propriate locomotive for the light profile 
might consist of two average diesel-elec- 
tric cabs which may be asstrmed to be 115 
tons each giving a locomotive weight of 
230 tons. For the medium-heavy profile 
a locomotive corresponding to four diesel- 
electric cabs having a total weight of 460 
tons seems to be indicated. Gas-turbine- 
electric and trolley-electric locomotives of 
weights equal to the diesel locomotives 
are assumed in each case. These latter 
two types might, however, consist of 
less cabs than their diesel counterparts. 
Table II sets forth the resulting calcula- 
tions of fuel and energy quantities for the 
two types of profiles. 


Example—Electrification versus 
Dieselization ; 


It is likewise possible to take a selected 
example and compare the probable costs 
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to operate a given section of railroad by 
different methods. Let the comparison, 
for example, be related to electrification or 
dieselization for a 400-mile section of 
medium-heavy profile such as shown in 
Table I with a ruling grade of 1.6 per 
cent, and as a further assumption employ 
the locomotive weights used in Table IT. 
The section of railroad chosen may be 
assumed to be in the Pacific Northwest, 
and the prices sed may be taken as those 
actually prevailing as of Mid-1951,. 
Principal factors and related comments 
follow: 


1. Diesel fuel cost delivered on locomotive. 
(average over the area) =11 cents per gallon 


2. Electric energy cost delivered to 3-phase 
60-cycle sides of railway substations =4.0 
mils per kilowatt-hour. 


3. First cost of locomotives are assumed to 
be equal at $60,000 each, and annual de- 
preciation at 5.0 per cent is likewise as- 
sumed to apply to both the diesel-electric 
and trolley-electric types. 


4. The cost of locomotive running repairs 
is taken at two-thirds of direct fuel cost for 
the diesel-electric type and the same item 
for trolley-electric locomotives is taken at 
one-half the diesel-electric cost. The first 
assumption is well borne out by data col- 
lected from a number of roads and pub- 
lished by one of the diesel manufacturers. 
The latter assumption arises from analyses 
of actual repair costs of both types on a 
Western carrier. 


5. The first cost of electrification (fixed 
property) is based on Mid-1951 estimated 
prices for structures, trolley, transmission, 
frequency conversion, trackside substations, 
and includes an allowance of 14 per cent for 
engineering, tools, contingencies, super- 
vision, taxes, and clerical exclusive of 
communication and signal changes which 
are provided for in a separate item, 


6. Depreciation rate for electrification 
fixed properties is taken at 3.0 per cent. 


7. Traffic for this section has, for conveni- 
ence, been assumed to be consolidated on a 
freight basis only. All locomotives are 
assumed to run with trailing loads equal to 
their rated capacity on the 1.6 per cent 
ruling grade, and the entire rosters of 20 
locomotives of both types are assumed to 
average 150,000 miles each per year. The 
total annual locomotive mileage is thus 
taken at 3,000,000, and therefore, the total 
annual consolidated traffic is 10,230,000 
thousands of gross ton miles trailing. This 
is equivalent to an average of approxi- 
mately 35,000 tons each way per day over 
the 400-mile section. 


The above factors, combined to illus- 
trate the effect of motive power choice 
upon initial capital costs as well as annual 
operating expenses, are shown in Table 
Til. 

Only such items of cost and expense 
as vary with the type of locomotive are 
shown in this analysis. 

Under the assumed circumstances it is 


evident that although it would cost 
$16,000,000 more in the first instance to 
install the necessary transmission, cate- 
nary, and other trackside equipment to 
permit the use of trolley-electric loco- 
motives on such a hypothetical 400-mile 
section, it would cost $1,620,000 per 
year less to operate such a system than to 
operate the same section with diesel- 
electric locomotives. Annual savings of 
such magnitude would permit the amorti- 
zation of the additional first cost in ap- 
proximately 10 years. In view of the 
fact that the prices used for diesel fuel 
and electric energy are those currently 
in effect it is clear that the possibility of 
paying out in less than 10 years cannot 
be entirely ruled out. Most authorities 
are of the opinion that further upward 
adjustment of prices is far more likely 
in the petroleum field than in hydroelec- 
tric power. 


Reference 


1. THe Present CoMPETITIVE POSITION OF CoaL, 
Resipuat Ort, Dreset OIL, AND ELECTRICITY AS 
ENERGY SouRcES FoR MorivE POWER OPERATION 
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AIEE Transactions, volume 67, part II, 1948, 
pages 1664-69. 


Discussion 


W. A. Brecht (Westinghouse Electric Corp., 
East Pittsburgh, Pa.): Mr. Martin's esti- 
mates of the savings that can be made with 
electrification as compared with dieseliza- 
tion in the Pacific Northwest are based on 4 
mils per kilowatt hour for electric energy. 
This is a very favorable rate, probably only 
half the rate that can be obtained for steam 
generated power in the East. 

Based on a similar economic study made 
at Westinghouse, Figure 1 has been pre- 
pared which shows the per cent return on the 
additional investment for electrification 


FOR ELECTRIFICATION 


% RETURN ON ADDITIONAL INVESTMENT 


8 10 
COST OF ELECTRIC POWER 
MILS PER KW-HR. 


Figure 
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with varying costs of diesel fuel and electric 
power. Mr. Martin’s figures of 4 mils for 
electric power and 11 cents per gallon for 
diesel fuel show a return of 9.5% on this 
chart, which agrees very closely with his 
estimate of a 10 percent return. Figure 1 of 


the discussion shows that, at prevailing 
costs for diesel fuel, electrification can be 
justified only with very cheap power. 
Future trends in liquid fuel and power 
costs will determine the future of railroad 
electrification. The probabilities are that 


liquid fuels will rise more rapidly over the 
next decade than electric power. 

Mr. Martin’s first-cost estimates for fre- 
quency changers and substations are lower 
than present day prices for this type of 
equipment. 


Static Capacitors for High-Voltage 
Use in Japan 


K. KTAGAWA 


ASSOCIATE AIEE 


Synopsis: Over 4,000,000 kilovars of static 
capacitors designed for power-factor im- 
provement and voltage regulations have 
been manufactured in Japan. About half 
have ‘been used for voltage regulation at 
primary substations in place of synchronous 
condensers and are directly connected to 
lines operating from 11 to 77 kv. The 
largest installation has a capacity of 80,000 
kilovars. More than 60 per cent of the 
electric power in Japan comes from hydro- 
electric sources that are remote from their 
load centers and synchronous condensers 
are generally installed at the end of the long 
transmission lines for voltage regulation. 
This offers an excellent field for static 
capacitors. The development of a paper 
dielectric several times thicker than stand- 
ard capacitor papers has permitted the 
construction of single capacitors rated as 
high as 500 kilovars. The cost of a com- 
parable new unit is less than a third of that 
of a conventional unit of 30 kilovars, the 
largest generally made. This has made the 
static capacitor a strong competitor of the 
synchronous condenser. A number of 
technical difficulties have been encountered. 
Waveform distortion, in particular, has 
caused abnormal current flow resulting in 
false operation of relays and excessive 
vibration and noise in transformers. This 
distortion was found to be due to magnetic 
saturation of the transformer cores and 
could be avoided by inserting a suitable 
reactor in series with the capacitor. An- 
other technical problem concerned the 
development of a switch for frequent opera- 
tion.in the range from 11 to 77 kv. Opera- 
tion of these capacitors and switches over a 
period of 10 years has proved their effective- 
ness. The first 66-kv series capacitor in the 
world was placed in service in March 1945. 


Use of Static Capacitors in Japan 


T THE end of 1932, not more than 
10,000 kilovars of static power 
capacitors were installed in Japan.1? 
At this time, low-cost oil-filled capacitors 
were put on the market by Sumitomo 
Electric Industries, Limited, of Osaka. 
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The demand increased gradually and 
there are now more than 4,000,000: kilo- 
vars of capacitors installed for both 
power-factor correction and for voltage 
regulation of transmission lines, some of 
which are in Korea, Manchuria, and 
Formosa. 

An outstanding feature of these in- 
stallations is that more than half are used 
for voltage regulation in place of syn- 
chronous condensers. Table I lists the 
principal installations, the highest work- 
ing voltage being 77 kv and the largest 
capacity being 80,000 kilovars. The 
largest single bank that is switched on and 
off by a single switch is rated at 10,000 
kilovars. Single capacitor units are de- 
signed for operation up to 30 kv and have 
capacities as great as 500 kilovars. Units 
of 200 to 300 kilovars are common. For 
large installation at voltages exceeding 33 
ky, these units are connected in series- 
parallel as shown in Figures 1 and 2. 

More than 60 per cent of the electric 
power generated in Japan is obtained 
from hydroelectric installations that are 
located at substantial distances from the 
load centers that they serve. Large 
synchronous condensers supply capacitive 
kilovars at the end of the long transmis- 
sion lines) to provide voltage regulation. 
Static capacitors could be used in place of 
the synchronous condensers if the relative 
costs justify their use. 

With conventional dielectric paper 
having a thickness of 0.01 millimeter, it 
is difficult mechanically to build large 
capacitors and they are generally re- 
stricted to sizes of about 30 kilovars. 
Their costs have been higher than for 
comparable synchronous condensers on a 
kilovar basis. 

A paper of suitable quality that is 
several times thicker than the conven- 
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tional paper has been developed by the 
writers and their collaborators. This 
paper permits the construction of units of 
about 500 kilovars at a cost that is less 
than a third of the former cost. These 
static power capacitors are now eco- 
nomically and technically competitive with 
the synchronous condenser and are some- 
times used in parallel with it. The ca- 
pacitors may be mounted in the open and 
as a 200-to-300-kilovar unit weighs about 
a ton, they may be conveniently handled 
without special equipment. 

If only static capacitors are used for 
voltage regulation, the rotating equip- 
ment and the third winding on the asso- 
ciated transformer may be avoided. The 
initial installation of these new ca- 
pacitors was made in 1937 and comprised 
a bank rated at 22,000 kilovars. Opera- 
tion was at 22 ky and through the trans- 
former provided voltage control of a 154- 
ky transmission line at the Suishako 
power plant near Seoul, Korea. Many 
additional installations have been made 
since then in Japan and as may be seen in 
Table I permit great flexibility as» some 
operate independently, others are asso- 
ciated with on-load tap changers, and 
some are paralleled with static reactors or 
with existing synchronous condensers. 
In the latter installations, Table I shows 
only the rating of the static capacitors and 
does not include that of the associated 
synchronous condenser. 

Various technical difficulties were en- 
countered in the early installations. One 
of the chief troubles was due to waveform 
distortion. It caused abnormally high 
current to flow at the higher harmonics 
and resulted in faulty operation of relays 
as well as excessive vibration and noise 
from the transformers or induction 
motors connected to the line. A satis- 
factory remedy was to insert a suitable 
reactor in series with the capacitor.’ 


Paper 51-223, recommended by the AIEE Trans- 
mission and Distribution Committee approved by 
the AIEE Technical Program Committee for pres- 
entation at the AIEE Summer General Meeting, 
Toronto, Ont., Canada, June 25-29, 1951. Manu- 
script submitted October 25, 1950; made available 
for printing May 15, 1951. 
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Figure 1 (left). Connection diagram of 66-kv 3-phase 50-cycle 
10,000-kilovar capacitor consisting of 24 units of 334 kilovars each 


Figure 2 (above). Installation of 66-kv 10,000 X 3-kilovar capacitor for 
voltage regulation of a 154-kv transmission line 


This improved the waveform so that it 
was better than it had been before the in- 
sertion of the capacitor. The effective- 
ness of the capacitor in improving power 
factor and voltage regulation was re- 
tained. 

The size of the series reactor is related 


to the order of the harmonics that are em- 
phasized. The reactor aids also in mini- 
mizing switching transients and in sup- 
pressing restriking in switching. 

Another difficulty was the design of 
switches for these capacitors. It is neces- 
sary to vary the amount of kilovars as the 


Table |. List of Installation of High-Voltage Capacitors for Voltage Control of the Transmission 
Lines up to 1950 (Japanese Made) 
Total Capacity Bank 
Voltage, of Static Capacity, Year 
Kv Capacitor, Kva Kva Set up Location 
( GO OOOA. err NOON Soscoecasane 19487, oss steiccses Osaka with R.C. 
m7 an Se Nake SONO0Ol Aes: LOS 0005.28 cetera MOAT, Scrchebrrceicnrs Kobe with R.C. 
Fe. RY Be 30,000). <5. <ctn DO L000 cian onc LOST cu ae ot Cam ee Re 
20 000k se eee 107 O00: 2 nase eee 1947 vs en's OSAKA With RC. 
7200 ate 3G00L” aya ene 1938...........Sendai $.C. only 
30; O00 Scie Sean raat 10) 000 .eutaracen ee VO AD ass eyeraravePere]® Korea with R.C. 
SOR O00 eee ee 600023 sae OAD ak tron ican Korea S.C. only 
Vt ale ne ich el 24 000! Sok ty Sa 8) Q00,. = 2 stinectencete OAS ic atarsevessea'e Manchuria S.C. only 
PUAN LOVE er ctte a eee 4 000s ec cc odes cic MOAT cs auverete anes Kyushu S.C. only 
5 OOO ssp. ticie tones 1942 Moma eman Kyushu S.C. only 
15); OOS .etiah.c ona iee Di OOO: sicactelavceauners 19495 che Sherer rete Kyushu S.C. only 
SOR 000s iacex a tractors 10000. 25.2 scams 19508 leit seen Tokyo with R.C. 
There are 13 other 66 kv installations 
Fig sieh Lig imei .- { AQ 30002545), 2. ask. 2 VO 000 oc. chee cnet Sy. bt Ce ee ae Manchuria S.C. only 
20) 5000) 2: ate teg ce SAO es ones nee LO4S orto awcecente Ube with T.C. 
OOO: ic iete ees BOO We Scien e eres LOSS eawierster eee Kyoto S.C. only 
SSCs cc. hoe ee AO} O0OPs Stents eee NOO0Q orev akan 1944. -......Formosa with R.C. 
15; O00 Stes cupaeines OOO. creme cite cate 194.8 cteferesat enn Tokyo S.C. only 
7 other installations are set besides the above 
O24 000 eee act arate ete DOO ere eta aves LOST SOR Ta ene ivi Korea with T.C. 
QOS sisinctlite Roraine eros ZO S000 Meme utrerete DOOD go's see eee NEE SS pen aaeac Manchuria with T.C. 
ZO SOOO hoe Oa OOOr: See fen. 5 ae 1949...........Hokkaido S.C. only 
9 other installations are set besides 
{ 80, 000 POR a sca ie Dy OOO sai vate sete eee 1938, 1942, ...:. Kobe with R.C. 
eity,! Maem ® Ape oncon anaes 1943 
42s OOO eae srureciee GC. Q00: modern nen: G4 Dr Peeters coi Manchuria with T.C. 
GO; OOO eee ect es S000 anaes Bex eee 1943 515%. sac KorealS.@ ronly 


There are 6 other installations of more than 30,000 kva capacity 


R.C. =Static capacitor with rotary condenser. 
T.C. =Static capacitor with on-load tap changer. 
S.C. only = Static condenser only. 
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load changes and particular difficulties 
were encountered in switching large- 
capacitance banks in the range from 11 to 
77 ky. Ordinary switches with some 
modifications served for circuits up to 33 
kv, and several types of oil switches were 
developed for use above 22 kv. Figure 3 
is a representative oil switch for use at 66 
or 77 kv. It uses a “slit” type of contact 
system in which there are eight contacts 
in series. Operation is satisfactory and 
capacitors may be disconnected without 
restriking.4 It is desirable, however, that 
simpler and more economical designs be 
developed. 

Table II lists a group of installations 
using series capacitors. These installa- 
tions in general result in overcompensa- 
tion of line reactance. The first 66-kv 
series capacitor in the world®® was put in 
service in March 1945. 
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Figure 3. Construction of slit-type 8-contact 
capacitor switch for 77-kv use 
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Capacitors 


Capacitors for use at voltages between 
2,200 and 77,000 are manufactured ac- 
cording to the same principles and meth- 
ods as are used for oil-filled cables. 
Several capacitor elements using kraft 
paper from 0.05 to 0.125 millimeter in 
thickness and between 500 and 850 milli- 
meters in width, together with 0.015- 
millimeter aluminum foils are hermeti- 
cally sealed in a sheet-metal box. Metallic 
pipe connections to the box permit 
thorough vacuum drying and impregna- 
tion with a refined insulating oil so that no 
voids are left within the dielectric. 

The volume of the elements and im- 
pregnant will vary with temperature as a 
result of ambient changes and operation. 
This is automatically compensated for by 
using a reservoir having flexible metallic 
walls. The internal pressure is main- 
tained slightly above atmospheric to pre- 
vent any air invasion from outside. 

Figure 4 shows a group of capacitors 
rated at 334 kvar for operation at 22,300 
volts and 60 cycles. The flexible-walled 
reservoir may be seen at the top. Ex- 
ternally, capacitors for 3-phase operation 
differ from these only in size and in the 
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Figure 5. Index of cost of capacitors for 


3.3-kv to 11-kv 60-cycle use 
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Figure 4 (left). 
22.3-kv single-phase 
60-cycle 334-kilo- 
var unit for 3-phase 
77-kv use 


Figure 6 (right). 

The extinguishing 

chamber and mount- 

ing of balancing re- 
sistors 


number of insulated terminals. Capac- 
itors shown in Figure 4 are 58 inches 
high; 29%/s inches wide; and 427/; 
inches deep. 

While the use of thick paper may ap- 
pear to be a backward step in capacitor 
design, the electrical characteristics of the 
capacitors made with cable paper are 
more stable than are obtained with the 
use of tissue paper. The high voltages 
andkilovar ratings also are evidence of the 
adequacy of the design and the materials. 

A capacitor is a complex structure of 
insulating paper and impregnant. A 
third important consideration is the 
moisture content and voids that may exist 
in the dielectric path. It has been found 
that the elimination of moisture and 
voids can be attained more readily with 
cable paper than with tissue paper. More- 
over, the tissue paper is weakened me- 
chanically by heating and evacuation to re- 
move moisture and voids and is more 
liable to be damaged in the process of 
manufacture than is cable paper. Also, it 
is more expensive to handle tissue paper 
than cable paper in the capacitor-manu- 
facturing processes. 

Cable paper in widths up to 800 milli- 
meters can be readily handled in manu- 
facture and permits the size of the capac- 
itor element to be greater than if tissue 
paper were employed. This is one reason 


why units as large as 500 kilovars may be 
assembled from as many as ten individual 
capacitor windings. 

The cost per kilogram of cable paper is 


only a third that of tissue paper. These 
factors are significantly instrumental in 
making cable-paper capacitors low enough 
in cost to compete effectively with syn- 
chronous condensers. Figure 5 shows 
relative cost plotted against kilovar 
rating for capacitors in the range from 3.3 
to 11 kv and operation at 60 cycles. 


Waveform Distortion 


The increase in the intensity of har- 
monics that accompany the use of ca- 
pacitive loading of lines may become so 
serious as to challenge the use of the 
capacitors. The source of these higher 
harmonics is attributed chiefly to mag- 
netic saturation of the iron cores of 
transformers, induction regulators, and 
similar equipment. The waveform dis- 
tortion? due to the higher harmonics is 


Table Il. Series Capacitors in Japan, Korea, and Manchuria 
Line Constant Rating of Capacitor 
Voltage Normal 
Case Place Year and Distance, R & JX Current, Normal 
No Installed Installed Cycles Km. Ohm Amperes Voltage X Ohm 
eee or 3 Ki ytishuly. acre este ROSSA cee DoOO eee 2008s 85 Parades Qin as 1,600 . 80 
SO rate aiate aye aneie wreiete +j2.6 
2. en Manchurian. 2: 19395 .sarn eee OOUL wee. 90.0 bof eae: See ere ititerentae 4,500 69.4 
COMM ie Shoda SEER il 
Dire cin ORAV ARIS 05 s0:5 bes LOM eth ess BigaOOw ne ee 20.0.. UCIT bcGaere AT Sat ot 520 . 11 
WIG Sora yareat en exes © +j8.76 
BOO OH OR Mea. sinansceigor NOS 2 ices: sto esets 3 ,309.. 9.4 gt Be) Sere GO tNate: 194 3.23 
BQ racic oe oyster ene bas +j7.2 
5 Osakacyncccns 5 sks Daa steele 3,300... 10.8 HOPPE eters d-« (Coie bs 215 3.01 
GOS eaeecnucls wterctone ans +j5.22 
Cea IROL EAT IE oe -Wehretey eile 1944 Da BOOO es cress 6 <> eycislpuape CCA Sa ae cee VA OS. tens 2,520. . 18 
CIDGS 5 inane ep +j24 
eerie PROCES Serre sccrateret NOG Seeacnsars 66), 0005. 7s 136.0.... PVA fab aie BUOL. vot 9,100 ... 33 
OO raratiatis) cts ce sis ete SAP tile SL. With Senate IG (11,000). . . (40) 
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likely to be greatest in the case of light 
loading of the line. It is considered good 
practice in some countries to disconnect 
the capacitor under these conditions 
through the use of a relay sensitive to 
currents or voltages at the significant 
higher harmonics. Another method is to 
distribute the capacitors over the system 
at the nearest possible position to the 
load. In Japan, this problem has been 
met by the use of a series reactor of such 
value as to make the load inductive at the 
higher harmonics. 

The use of delta-connected transformers 
in 3-phase distribution systems makes 
the third harmonic unimportant so that 
only the fifth or higher harmonics need be 
considered. A series reactor will be ef- 
fective if its inductive reactance at the 
fifth harmonic is greater than the capaci- 
tive reactance of the capacitor at this 
frequency. As the operating conditions 
of a circuit are not generally known, a 
practical arrangement is to use a series 
reactor having a reactance slightly more 
than 4 per cent greater than the capaci- 
tive reactance of the capacitor so as to 
resonate or give a total inductive reactance 
at the fifth harmonic. By this means, the 
waveform of any circuit can be cor- 
rected. The reactor will also serve to re- 
strict the transient phenomena set up by 
switching operations. 

Consideration is being given to the use 
of a reactor to resonate the third har- 
monic to earth as a method of eliminating 
the tertiary windings of transformers. 


Switches 


When several capacitor groups in the 
voltage range of 3,300 to 11,000 volts are 
installed, disconnect switches‘ are usually 
provided for each group and a main cir- 
cuit breaker for over-all bank protection. 
Switches for capacitors must meet some 
special requirements: they must be non- 
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Figure 7 (left). Protection devices for di- 
electric faults in series capacitors 


Figure 8. Outline 
of transmission sys- 
tem to which a 66- 
kv series capacitor 


was added 


KAISHU 
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restriking; suppress excessive inrush cur- 
rent; and permit frequent operation. 
The usual type of circuit breaker has been 
designed for switching large inductive 
loads and does not always meet the re- 
quirements for capacitive loads. 

For voltages up to 11,000, restriking 
may be avoided by increasing the opening 
speed with plain break contacts. Al- 
though this type may be used on cir- 
cuits as high as 33 kv, a multicontact ar- 
rangement has been developed for the 
range from 22 to 77 kv.- Oil or gas- 
pressure types also have been tried. 
Figure 6 illustrates the construction of the 
extinguishing chamber of the capacitor 
switch known as the ‘‘Saigeki’ or slit 
type, in which eight contacts are arranged 
in series. In each slit contact, the are 
is confined to the narrow space between 
special fiber plates. This multicontact 
principle permits the opening speed to be 
held to 2.5 meters per second on circuits 
between 22 and 77 kv. To reduce the in- 
rush current to reasonable values when 
the capacitors are connected to the cir- 
cuit, damping resistors are inserted during 
part of the opening and closing operation. 
The resistance is about 10 or 20 per cent 
of the reactance of the capacitors being 
switched. 

The effectiveness of the multicontact 
arrangement is fully realized only if all 
contacts have the same resistance and re- 
cent practice has been to provide so- 
called balancing resistances to bridge 
each contact. 


Series Capacitors 


The first series capacitors®® in Japan 
were installed in 1938 on a 3,300-volt line. 
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Several sets ranging up to 66 kv have 
since been put in service and are listed in 
Table II. Their general characteristics 
are as follows: 


1. Overcompensation for the inductive 
reactance of the line is the normal condition 
as the main purpose of the installation is to 
increase the load capacity of the system. 


2. Ordinary induction-type relays without 
high-speed devices are used to protect the 
capacitors from overvoltage on the 3,300- 
volt lines. For 22,000 volts and over, simple 
sphere gaps (Cases 6 and 7) or a modified 
device of the Westinghouse type (Case 2) 
are used, 


3. Abnormal behaviour such as may occur 
in switching transformers under light load 
is suppressed by connecting in parallel to 
the capacitor a reactor having an inductive 
reactance about 10 per cent of the capacitive 
reactance. 


4. In case of fault, the capacitor is short 
circuited by one of the methods shown in 
Figure 7; scheme ‘“‘A”’ being used for Case 
2, scheme “‘B”’ for Case 7, scheme “‘C”’ for 
Case 3, and scheme ‘‘D”’ for Case 6. 


66-Kv Series Capacitor 


The first 66-kv series capacitor ever to 
be put in service was installed in Korea in 
March 1945. It was designed to increase 
the load capacity as well as to improve 
voltage regulation. 

In the transmission line shown in 
Figure 8, the voltage at Kaishu was 
expected to drop to 56 and to 52 kv for 
loads of 10,000 and 15,000 kw, respec- 
tively. The series capacitor was de- 
signed to raise this voltage to 66 ky. 
Table III shows the improvement in 
voltage regulation. 

The capacitor units are designed for 
6,600-volt service and total 14.73 micro- 
farads, equivalent to 180 ohms at 60 


Table Ill. Improvement of Voltage Regulation 


Voltage Regulation* 


At Sainei, At Kaishu, 
Load, Per Cent xX Per Cent Per Cent 
Withouticapacitor,...t,.a)ne pre race mercies 3.98. 64 50400 10.1 
CLUS Lage ayen mE Hoe With capacitor of 300hm.............6- 01.30). 2 oi0dis sid 5.2 
With capacitor of 40ohm............005 1400). 20020, cist 4.0 
Without capacitor, ois over ccae eesti Qi2Z5 0c 0 ++ a meee 8,7 
DO Fee sremeanestran sees mathe With capacitor of 300hm.....%......... 0:62), .).0. sm ole Gal 
With capacitor of 40ohm............... 0 viakena, fl nggel ae 4.4 


* Percentage of voltage difference between 6,000 and 15,000-kw loads, based on the voltage at 6,000-kw 


load. 
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Figure 9. General connections and protective devices for 66-kv series 


capacitor 


BR: Voltage balance relay 


UCR: Under current relay OS: 
OCR: Over current relay DS: 
OLR: Over load relay Ck 
V: Volt-meter PT: 
A: Ammeter G: 
COS: eyease over switch (& 


\ 


cycles per second. A total of 66 capac- 
itors are required for the 3-phase system. 
There are 11 capacitors in parallel and 
two such groups in series for each phase, 
providing a reactance of 32.7 ohms. 
Sixty and 54 capacitors will provide 36 
and 40 ohms, respectively. The normal 
maximum load current is 275 amperes and 
the terminal voltage at the series capac- 
itors is 9,000 to 11,000 volts correspond- 
ing to kilovar ratings of 7,400 and 9,150 
and impedances of 32.7 and 40 ohms. 
The rated voltage of the unit capacitor 
is 6,600 and the apparent total capacity 
of the 66 units amounts to 16,000 kilo- 
vars. 

The capacitor bank is protected against 
overvoltage by being short circuited by a 
spark gap and by an oil switch operated 
by an overcurrent relay of the induction 
type. The overvoltage is computed to 
vary between 28,000 and 140,000 volts. 
Excessive excitation current may flow in 
the transformer associated with the 


Discussion 


Hamilton Brooks (Westinghouse Electric 
Corp., East Pittsburgh, Pa.). The authors 
have given an interesting survey of Japanese 
capacitor applications and designs. Cer- 
tain statements, however, may lead to false 
conclusions unless amplified. For example, 
the authors state: ‘‘The cost of a com- 
parable new unit (that is 300 to 500 kilo- 
vars) is less than a third the cost of a con- 
ventional unit of 30 kilovars, the largest 
generally made. This has made the static 
capacitor a strong competitor of the syn- 
chronous condenser.’’ This is not challenged 
in so far as it may apply to Japanese practice, 
but it is not generally true, and does not 
apply to American designs. American 
capacitor units of 15- and 25-kilovar unit ra- 
tings are produced at a lower cost per kilovar 
than can be realized with 500-kilovar units, 
and equipments using these units are lower 
in cost than synchronous condensers. 

Large unit or tank type capacitors are 
by no means new, having been supplied by 
various European concerns for some 25 
years, and are still manufactured by some 
companies. The small unit or cell type 
capacitor was chosen for American de- 
velopment, and the few attempts to intro- 
duce tank type designs in this country have 
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OCB: Oil circuit breaker 
Oil switch 
Disconnecting switch 
Current transformer 
Potential transformer 
Spark gap 

Series capacitor 


capacitor when switching under no load or 
light load. To avoid this, the series 
capacitor is automatically short circuited 
under these conditions and is inserted in 
the circuit only when the load current 
exceeds some predetermined value. This 
arrangement does not limit the usefulness 
of the series capacitor because it is re- 
quired only when the load current is 
large. 

If any single capacitor unit fails, the 
entire bank will be short circuited by a re- 
lay responsive to the voltage unbalance 
across the two series capacitor groups. 
Figure 9 shows the general connections 
and protective devices. 

Although several synchronous ma- 
chines are used both before and behind 
this series capacitor, no instability prob- 
lems were encountered and the antic- 
ipated improvements in increasing the 


es fo oO re 
DS; os_ DSs 


It is re- 


output voltage were attained. 
gretted that no further operational data 
can be presented as the war ended shortly 
after installation was placed in service. 
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been abandoned because they were not com- 
petitive. 

The design factors of the two types of 
construction have little in common. With 
the cell construction, the thermal and me- 
chanical aspects are minimized and the 
maximum use can be made of the dielectric 
qualities of the insulation. Accordingly, 
American development has emphasized 
improvements in dielectrics and this has 
resulted in greatly increased kilovar ratings 
without increasing the volume of material. 
Thus the American cell type of unit has 
progressed from the 2-kilovar unit of 1922, 
through stages of 5, 10, 15, and 25 kilovars 
with little if any change in unit volume. 
The early 2-kilovar units used thick, cable- 
type paper and transformer oil, as is evi- 
dently now used in Japan. These 2- 
kilovar units gave good service, even when 
made with available conventional materials 
and superficial processing, simply because of 
the mass of insulation employed. The 
modern 25-kilovar unit, no larger than the 
original 2-kilovar design, has been made 
possible only because of the development of 
extremely pure and uniform thin papers, 
synthetic dielectric liquids of high stability, 
refinements in processing, and advances in 
manufacturing control. The cell type of 
construction permits the designer to make 
full use of these dielectric improvements, 
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With the tank type of construction 
thermal and mechanical problems are 
paramount. The volume and thickness of 
insulation necessary to satisfy these re- 
quirements is such as to make it uneconomi- 
cal to perfect the dielectric properties be- 
yond the level of general insulation quality. 
For tank construction, therefore, it is fitting 
to use cable-type papers and oil impregna- 
tion. With the thick insulation, satis- 
factory levels of insulation strength may be 
attained with the degree of processing that 
is possible with the large unit. 

Because the design factors appropriate to 
the cell construction are not applicable to 
tank construction, a 500-kilovar unit using 
the practices employed in a modern 25- 
kilovar unit would be unworkable. Sim- 
ilarly, a 25 or 30-kilovar unit using the de- 
sign factors of a Japanese 500-kilovar unit 
would be highly uneconomical as is shown 
by the authors curve, Figure 5. Sufficient 
information is not contained in the paper 
to allow a close comparison of American 
cell type capacitors with the Japanese tank 
type. However, the dimensions of a 334- 
kilovar unit are given, and a statement 
made to the effect that a 200 to 300 kilovar 
installation weighs about a ton. Table I 
is obtained from these data. 

A cost comparison between capacitors 
and synchronous condensers may be made 


Table | 


Japanese Capacitor 

Volume of 334-kilevar unit, cubic 
inches: perjdcvat 55 Jsass te Sars eeOe. 0 

Weight of 200 to 300-kilovar unit, 
pounds per Acvaxweies aie wie leers 


American Capacitor 
Volume of 12-25-kilovar units in an 

open assembly, cubic inches per kvar. 77.0 
Weight of 12—25-kilovar units in an 

open assembly, pounds per kvar..... 3.3 


on several bases. The Japanese cable paper 
capacitor is said to compete effectively 
with synchronous condensers. A recently 
published American comparison! is repro- 
duced in Figure 1 of the discussion. The 
curve shows the approximate relative cost 
of shunt capacitors and synchronous con- 
densers. The capacitors are Y-connected 
and switched in five steps. Costs do not 
include main circuit breakers, land space, 
foundations or spare parts but do include 
freight, automatic control, erection, capaci- 
tor fuses, and coolers on the synchronous 
condenser. In curves A and B the losses 
are evaluated at 150 and 250 dollars per 
kilowatt respectively. The American ca- 
pacitor using 25-kilovar units is lower in 
cost than the synchronous condenser up to 
very large ratings, and is much lower in all 
cases when losses are evaluated. 

The adaptability of the cell type of 
capacitor to mass production contributes 
in no small degree to its economic manufac- 
ture. The requirements for distribution 
circuits as well as transmission line applica- 
tions can be met in the majority of cases 
by one of five standard voltage ratings of 
25-kilovar unit. In addition to low cost, 
small size, and light weight; the American 
cell type capacitor has many other ad- 
vantages. Among these are simplification 
of stock and spare parts, flexibility of ap- 
plication, interchangeability, and extreme 
over-all reliability in large installations when 


properly applied with individual unit 
fuses. 
REFERENCE 


1, ELEcrricAL TRANSMISSION AND DISTRIBUTION 
REFERENCE Book (book), Central Station Engi- 
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Figure 1. Approximate relative cost of shunt 


capacitors and synchronous condensers 
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neers of the Westinghouse Electric Corporation, 
Westinghouse Electric Corp., East Pittsburgh, 
Pa., 1950, page 255. 


K. Kitagawa, T. Omori: The authors have 
read Mr. Brooks’ discussion with much 
interest, and would like to add some com- 
plementary statements. 

We have compared the costs between cell 
type 15 to 25-kilovar units using thin paper 
and synthetic oil as dielectrics, as generally 
used in America, and our tank type 200 to 
500-kilovar unit using cable type paper and 
mineral oil. The former, as far as we know, 
cost $5.00 to $7.00 (1,800 to 2,500 yen), 
and the latter, $1.95 to $2.20 per kilovar 
(700 to 800 yen), in 1950 when our report 
was prepared. Now, however, as of April 
of 1951, the cost of ours has risen to between 
$3.00 and $3.30 (1,100 to 1,200 yen), per 
kilovar. 

Small capacity cell type units (30 kilovar 
or lower) are manufactured in Japan too, 
and the cost of them is about $4.50 per 
kilovar. 

In comparison with syriéhronous con- 
densers, the capacitor is more advantageous 
in Japan than in America. Figure 2 of the 
discussion shows an example of cost ratio 
in April 1951, of an 11-kv, 5 X 9,000- 
kilovar capacitor installation (including 
installation frame, series reactors, discharge 
reactors, oil switches, control panel, and so 
forth), to an 11-kv 45,000-kva hydrogen- 
cooled outdoor synchronous condenser. 
Other conditions are the same as those in- 
dicated by Mr. Brooks and are only for the 
case without loss considerations. The 
capacitor costs only one half or one third as 
much as the synchronous condenser. This 
might be a peculiar case, but capacitors 
generally cost less than synchronous con- 
densers in Japan. 

As Mr. Brooks says, thermal and me- 
chanical problems which are not important in 
the cell type capacitor, become paramount 


Figure 2 (right). 
Cost ratio of ca- 
pacitors to syn- 
chronous _con- 
densers in Amer- 
ica and Japan 


(A). 45,000- 
kva synchronous 
condenser is 
taken as 67,500 
kva (150 per 
cent nominal rat- — 
ing for the con- 
sideration of lag- 
ging kilovar oper- 
ation 
(B). Without 
consideration for 
lagging _ kilovar 
operation 
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Table Il i“ 
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60 cycle 30-kilovar unit................ cell type 
volume 104.6 cubic inches per kilovar 
weight 6.6 pounds per kilovar 
60 cycle 300-kilovar unit............... tank type 
volume 89.3 cubic inches per kilovar 
(excluding feeding tank portion) 
weight 6.7 pounds per kilovar 
(including feeding tank portion) 


in tank type (large capacity unit) capacitors. . 
Many of these problems have been success- 
fully overcome in our type of capacitor. 

Temperature restraint is one of the 
fundamental factors, and in our case the 
allowable temperature at the hottest point 
can be taken as 80 degrees centigrade or 
higher because of the high stability or high 
durability of dielectrics. This is a result 
of using high refining methods, cable type 
paper, and low viscosity mineral oil. 

On the other hand, the most desirable 
case is when the heat generation is equal to 
heat dissipation at allowable highest tem- 
perature. That is, the volume of the ca- 
pacitor cannot be less than that which pro- 
vides the necessary dissipation area. Low- 
ering of volume of the capacitor to less 
than this limitation has no meaning. And 
so, if the large capacity unit is designed well 
economically and technically—from the over- 
allaspect both of manufacturing and appli- 
cation—it is needless to decrease the volume 
of the capacitor by using expensive dielec- 
trics of high dielectric-constant unless there 
is a great decrease of dielectric loss factor. 

Synthetic oil was once tried for cell type 
capacitors in Japan also, but was soon 
abandoned mainly for economical reasons. 

Electrical properties of our capacitor are 
excellent and its reliability, long durability 
and nondeterioration, are highly recognized 
in all fields. For example, the insulation 
thickness is not taken in as much as the 
discusser supposes. The 334-kilovar unit in 


MVA RATING 
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Figure 4 of the paper whose volume Mr. 
Brooks estimated is for 77-kv line use, and is 
designed with a somewhat lower voltage 
gradient, such as 10,000 volts per millimeter, 
than the ordinary case which takes the 
greater safety factor for probable abnormal 
voltage in extra-high-tension lines into ac- 
count. For 3,300 volt use, for example, the 
volume and weight of capacitor are as 
shown in Table II. 

From these figures, compared with those 
in America as shown by Mr. Brooks, it is 


seen that the difference of volume or weight 
comes mainly from difference of dielectric 
constant. 

Volume per kilovar estimated by Mr. 
Brooks from Figure 4 may be corrected by 
excluding the feeding tank portion: volume 
of 334-kilovar unit for 77-kv use is 125 
cubic inches per kilovar. 

Furthermore the thin capacitor paper 
costs about three times the thick paper, 
and with thick paper we can easily con- 
struct a 25-kilovar element against a 5- 


kilovar element with thin paper. These 
are the main reasons for the lower price of 
Japanese capacitors compared with Ameri- 
can ones. 

It must be added that large unit ca- 
pacitors are more advantageous for large 
group capacity installations. For ex- 
ample, in making up 10,000 kilovar, 20 
units of 500 kilovars are easier to assemble 
than 400 units of 25 kilovars. 

The tank type is more stable physi- 
cally and mechanically for open air use. 


Tensorial Analysis of Integrated 


Transmission Systems 


Part I. 


The Six Basic Reference Frames 


GABRIEL KRON 
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Synopsis: A method of analysis is out- 
lined to solve steady-state problems arising 
in the operation of large interconnected 
transmission systems exchanging power be- 
tween their own operating divisions and 
outside companies. Special attention is 
paid to the calculation of total and in- 
cremental losses for economic loading studies 
and to the allocation of incremental losses 
between the various subsidiary and outside 
companies. This first part restricts itself 
to lay the necessary foundations for the 
numerical study made in a companion 
paper! on the system of the American Gas 
and Electric Company. 


° 


Introduction 


The Pioneering Works of 
George and Ward 


S power transmission systems grow 

in size and the ties between them 
multiply, many new problems arise in 
their steady-state operation that cannot 
be solved entirely on an a-c network 
analyzer. Such problems are for instance 
the determination of the most economic 
loading of various plants, the allocation of 
transmission losses among the various 
divisions of the integrated system or 
among outside companies that merely 
transfer power across portions of the sys- 
tem. The demand for a systematic and 
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scientific solution of such problems to re- 
place the present-day approximations is 
increasing rapidly. 

After the publications of Steinberg and 
Smith? on fuel rates, the pioneering work 
in placing the study of economic loading of 
transmission systems on a more rational 
basis is due to E. E. George.* The use of 
the a-c analyzer in connection with such 
studies has been pioneered by Ward, 
Eaton and Hale* who also extended the 
concepts of George and placed them on an 
analytical foundation. Their work pri- 
marily concerned the evaluation of the 
effect of transmission-line losses upon the 
economic loading of power plants of a 
system. 


This present paper restricts attention 
to the formulas of reference 4 for finding 
the total and incremental J?R losses of a 
transmission system. At this point it 
also is necessary to state some of the as- 
sumptions concerning the operation of a 
system under which the loss formula 
(equation 5) of reference 4 is valid. Most 
of these assumptions are not stated ex- 
plicitly in reference 4 but are emphasized 
here to help the step-by-step development 
of the reasoning to follow: 


1. All load currents, charging currents, 
and synchronous-condenser currents of the 
system vary in the same manner. 


2. Whatever values the load currents have 
at normal load, the ratio of these values 
remains unchanged, as the loads vary. 


3. Whatever values the generator currents 
have at normal load, these currents remain 
fixed in phase angle relative to each other 
but stretch in magnitude individually, as 
the generator powers vary. 


4, As the generator currents stretch, the 
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absolute potentials of the generator and 
load points of entry automatically assume 
values to satisfy the voltage drop in the 
lines. (That is neither the generator volt- 
ages nor the load voltages are adjustable.) 


5. The generator currents are projected at 
all loads upon the terminal voltages existing 
at normal load and these current projections 
are considered as representing the generator 
powers. 
The Inadequacy of 

Conventional Analytical Tools 


These contributions bring into sharper 
focus the inadequacy of present-day 
methods of thinking to cope with the 
large-scale analytical needs of the power 
system engineer. Although the above 
assumptions about the operating be- 
havior of a single system are about the 
simplest possible, nevertheless the amount 
of measurements involved and the amount 
of numerical calculations needed grow to 
prohibitive proportions with the size of 
many present-day systems. 

A far more serious objection to the use 
of conventional methods is their inflexi- 
bility. For instance both the total loss 
formula of reference + and the method of 
measurements are valid only for the 
above-mentioned limited assumptions. 
If the engineer attempts to add one more 
assumption (for instance two hypothetical 
loads in place of one, or swinging terminal 
voltages with constant absolute values) 
the whole loss formula collapses and so 
does the suggested method of measure- 
ment. For every added assumption the 
engineer is forced to start from scratch to 
develop an entirely new loss formula and 
to devise an entirely new procedure of 
measurements, 

There seems to be no question that the 
solution of the problems of modern inter- . 
connected transmission systems require 
an analytical tool possessing the speed, 
versatility, and range of an airplane 
rather than those of an old-fashioned 
horse and buggy. 


The Tensorial Method of Attack 


The purpose of the present paper is to 
introduce a new method of thinking to 
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attack vigorously the problems arising in 
the every day operation of integrated 
power systems having several divisions 
that exchange powers among each other 
and with outside operating companies. 
The main characteristics of the new 
analytical approach are as follows: 


1. A set of constants (self and mutual 
impedances) are established for the trans- 
mission system, that are independent of 
any future assumptions to be made con- 
cerning the problems in which the con- 
stants are to be used. These constants are 
to be changed only if the transmission sys- 
tem itself changes. (Either an a-c network 
analyzer or analytical methods may be 
used to find these constants). 


2. The formulation of the problem, the 
various assumptions and the steps leading 
to the final solution are performed in terms 
of a minimum number of symbols (so-called 
“‘tensors’’) each symbol representing a large 
group of generators, or loads, or metering 
points, or relations between them. 


3. At each stage of the development the 
engineer may arbitrarily extend or restrict 
his assumptions at will to suit his immedi- 
ate needs, without jeopardizing the validity 
of any other portion of his analysis. 


4. The necessary numerical computations 
come out automatically in such a systematic 
form (in terms of matrices) that they may 
be performed by digital computing devices. 


In short, the analytical tool is similar 
to a high-grade living organism, that can 
adapt itself equally to the needs of the 
simplest of system problems, or to those 
of the most highly elaborate ones that the 
system engineer may dare or care to 
undertake. 


Problems Solved to Date by 
The New Method 


The following extensions and generali- 
zations already performed may be men- 
tioned as illustrations for the power and 
possibilities of the new method of think- 
ing: 

1. The concepts of “hypothetical’”’ loads, 
generators, metering points, etc., are intro- 
duced, that replace the large number of 


actual loads, generators, or metering points 
by a smali number, or by one only. 


2. Instead of assuming that the ratio of 
the load currents remains constant as the 
generator powers vary, it has been assumed 
that the ratio of the real components of the 
load currents remain constant and also the 
ratio of their reactive components. 


3. Instead of assuming that the generator 
and load terminal voltages vary merely to 
satisfy the voltage drop requirements of the 
current changes, it has been assumed that 
as the loads vary, all generators and loads 
swing in angle, so that the absolute value of 
their terminal voltage remains constant, or 
assumes preassigned values. 


These last two assumptions enable the 
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engineer to think and talk freely about 
generator and load powers (real and reac- 
tive) instead of merely generator and load 
currents. A correct accounting for the 
swing of the reactive powers is thereby 
assured. 

The system to be analyzed may consist 
of several operating divisions with dif- 
ferent types of loads, each division sup- 
plying power to the others and to outside 
companies. The following problems 
arising in their operation have already 
been solved, in addition to those men- 
tioned: 


1. Calculation of the effects on losses and 
economic loadings of the interchange 
powers transferred between the operating 
divisions themselves, between outside com- 
panies across the system, or between the 
system and outside companies. 


2. Determination of the J?R and [2X 
losses incurred in the territory ‘of each divi- 
sion due to a transfer of power across its 
lines between any other two divisions or 
outside companies. 


3. Determination of the J/?R and [2X losses 
incurred due to the utilization of only a 
limited group of generators to transfer 
power to outside companies. 


4. Determination of the J?R and [2X losses 
due to the existence of “circulating” 
powers flowing between two neighboring 
divisions and of ‘‘sneak’’ powers flowing 
between several companies connected in 
closed meshes. 


Problems relating to interchange power 
and those relating to the charging for 
losses incurred in transmitting power 
through the lines of other companies are 
often independent of economic loading 
considerations and need be solved sep- 
arately. 

In attacking any of the above problems 
it has been necessary to introduce some or 
all of the following additional complica- 
tions: 

1. Autotransformers exist in the system 


whose turn-ratio currents also must be 
considered. 


2. Large charging currents exist, that can- 
not be lumped together with the loads but 
must be considered as independent variables. 


3. The synchronous condensers are treated 
not as loads but as generators of purely 
reactive power. 


The Algebra of Tensors 


The types of system problems under 
consideration involve steady-state opera- 
tion and as such they are comparatively 
very simple mathematically. Their solu- 
tion involves merely the addition and 
multiplication of a large number of com- 
plex numbers. However in reducing a 
large number of numerical information 
to a smaller number, many pitfalls and 
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many unnecessary operations must: be 
avoided along the road. It is true that for 
such short-range travel a jet-propelled 
airplane might be uneconomical, never- 
theless a helicopter would prove quite 
helpful in getting to places. 

Tensor algebra is a tool par excellence 
for such a purpose. Since the main goal 
of transmission line studies is to transform 
information in terms of complex voltages, 
currents, and impedances into informa- 
tion in terms of real powers and real 
losses, such transformations may be ac- 
complished simply, smoothly, and with 
the least amount of labor by a series of 
mental operations called ‘“‘transforma- 
tions of reference frames.’’ The study of 
single and integrated transmission sys- 
tems will involve chiefly the establishment 
of a series of reference frames (each step 
characterized by a matrix of transforma- 
tion). Quite a large variety of reference 
frames will have to be introduced gradu- 
ally, such as: 


1. Physically existing reference frames and 
hypothetical reference frames. 


2. Reference frames in space and reference 
frames in time. 


3. Stationary reference frames and moving 
reference frames. 


4. Reference frames within the reference 
frames. 


Similarly symbols of tensors will occur, 
each component of which also is a tensor, 
whose components again might be still 
tensors. Moreover the transmission net- 
works themselves will be looked upon 
partly as mesh-networks, partly as junc- 
tion networks, and partly as orthogonal 
networks, when demanded by the im- 
mediate problem at hand. In spite of the 
large number of lines, generators, loads, 
metering points, and other system com- 
ponents, the manipulation of the multiply 
compound tensors and of the entire net- 
works will nevertheless be almost as 
simple as the manipulation of ordinary 
scalar quantities and single lines or 
generators. 

Constant reference will be made to the 
author’s ‘“‘Tensor Analysis of Networks’’,® 
as for instance (TAN page 29). As the 
development of new physical concepts 
unfolds, and the complexity of the as- 
sumptions increases, eventually the whole 
apparatus of tensor algebra published in 
the above book will be put to practical 
use. Any new concept not covered in that 
text will be treated here or in future pub- 
lications in greater detail. 

(The solution of many problems re- 
lating to the stability of integrated trans- 
mission systems will require however a 
jet-propelled airplane—instead of a heli- 
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copter—to arrive at some of the desired 
goals. The more advanced concepts of 
tensor analysis will supply such trans- 
portation.) 


A New, Basic Set of Linear 
Equations for Power System 
Studies 


The basic set of linear equations avail- 
able for the analysis of power systems is 
ohm’s law, E=ZI where E and I repre- 
sent the real and reactive components of 
the terminal voltages and currents of all 
generators and all loads. Unfortunately 
none of these latter quantities are known, 
neither are system operators interested 
in these quantities. What the system 
operators usually know are the follow- 
ing: 

1. The real powers P supplied by each 
generator. 

2. The real powers exchanged betweef 
operating divisions. 

What the system operators are in- 
terested to find out (from the point of 
view of this paper) are the following: 

1. The total and incremental transmission 


line losses (both J?R and J?X) occurring in 
each division. 


2. The transmission line losses occurring 
in the territory of each operating division 
due to the transmission of various types of 
exchange powers across its lines by other 
companies. 


The purpose of the present paper is to 
express the performance of integrated 
power systems as a set of linear equations 
between the real powers P supplied by the 
generators and the incremental losses L 
in the transmission system. In the new 
set of equations L=MP the matrix M 
represents a set of real constants that is 
independent of P and L, (but does depend 
upon the state of the system at an arbi- 
trary average load). 

The studies mentioned, relating to loss 
and exchange power calculations and to 
economic loadings, should be considered 
merely as opening chapters on a much 
wider variety of steady-state power- 
system problems to which the above 
power equation, and others to be de- 
veloped, could be applied. The equa- 
tions to be shown will include both reac- 
tive and active generator powers, also 
terminal voltages with variable absolute 
values and many other known or un- 
known system. parameters. 


The Current-Flow Reference 
Frames 
The Assumptions 


In the companion paper! an extensive 
numerical study is made on a simplified 
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Loads 


Generators 


yt! 


pee 
Tt3 
[t4 
[ts 
[le 


Reference 
Generator 
Bier! 
Figure 1. “Measurement” reference frame 


number 1 


representation of the system of the 
American Gas and Electric Company in 
order to determine the adequacy or 
limitations of various assumptions which 
may be made in economic loading studies. 
The analytical formulation of that 
numerical work will serve as the skeleton 
around which the more general assump- 
tions will eventually be developed. 
George and Ward in their published 
works restrict their method of measure- 
ments and their formulas to obtain merely 
the J?R losses of a system. In conse- 
quence they do not measure, nor do they 
calculate any system impedance, z=r-+jx 
not even a resistance 7. They measure 
and calculate ‘‘loss coefficients” only. On 
the other hand the measurements and 
formulas to be developed here do give the 
general impedances of the system, so that 
the results are valid for many other 
studies besides that of /?R losses. The 
real and symmetrical part of all imped- 
ance matrices (complex and asymmet- 
rical) here given are identical with the 
coefficients of equation 5, reference 4. 
Only in one respect is the present study 
less general. In the numerical study of 
the companion paper it was assumed that 
no autotransformers exist. That a% 
sumption is retained temporarily here in 
analytical study also, in order to strip the 
latter from all extra encumbrances and 
reduce it to its barest outline for greater 
clarity and simplicity. The study will 
consist of three main steps: 
1. The basic measurements, basic con- 
stants, and basic impedance matrices of a 
transmission system are outlined in the 


conventional “current-flow”’ reference 
frames. 


2. The currents are replaced by real power 
and the voltages by incremental J?R losses. 


8. The study of the “‘power-flow”’ reference 
frame begins. 


To establish the minimum framework, 
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Generators Loads 


tt 
Hypothetical 


Load 
LI=-I' 
Figure 2. ‘‘Leakage’’ reference frame num- 
ber 2 


the following simplifying assumptions are 
made: 

1. The whole system is considered as one 
unit with no, subdivisions. 

2. Any outside company is represented by 
one generator at each point of interconnec- 
tion. 

3. No autotransformers exist. 


4. Synchronous condenser currents and 
charging currents are considered as load 
currents. 


5. All loads are replaced by one hypo- 
thetical load. 


In the second part of the study the 
previously mentioned approximate as- 
sumptions concerning the variation of 
generator power are considered. The in- 
troduction of more general assumptions 
(such as the variation of generator volt- 
ages and reactive powers) is left for future 
consideration. 


The Measurements 


Assume normal load conditions and 
measure all currents and voltages of the 
generators and loads (Figure 1). The 
currents in the lines need not be meas- 
ured, but it is preferable to do so, in order 
to serve as checks on the calculations, say 
of the /?R losses. 

For convenience let it be assumed that 
there are eleven generators and 50 loads. 
The system constants are measured as 
follows: 

1. Remove all generators, loads, line- 
charging capacitors, and synchronous con- 
densers. 


2. Select any one point as a reference 
point, say the most heavily loaded generator 
point of entry. 


3. Impress unit current between each 
remaining generator point of entry and the 
reference point. 


4. Measure the differences of potentials 
(complex numbers) appearing between the 
reference point and all the generator and 
load points of entry. (Sixty voltages with 
each impressed unit current.) 


These differences of potentials will be 
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called ‘leakage’ impedances. Both “self” 
and “mutual” (or “driving point’ and 
transfer”) leakage-impedances will be 
distinguished. (The expression ‘‘con- 
ventional” impedances will be reserved 
for those calculated between the ground 
and a point on the line.) 


The Symmetrical Leakage- 
Impedance Matrix Z;, 
(Frame Number 1) 


The measured 10X60=600 leakage 
impedances are arranged in ten columns, 
representing one part of the symmetrical 
‘“Jeakage-impedance”’ matrix. 

1 je Pre 10 Li 
Z1,10 
Z2,10 


| Z10,10 
| Zi1,10 
212,10 


Z 00,10 


3ecause of the symmetry of Z,, the 500 
Z,, components are also known, since 
Ziu=(Zig)t- However the 50 50=2,500 
components of Z,, are not measured and 
are left unknown. 

The impressed voltage vector is de- 
noted (not calculated) as 


1 2 ee ol Li 
E; =|£,— £,|E,.—E;,|... 


The current vector is 


ioe) ese dk det Or et 
I =| fers tae 


Remarks on the Measurements 


On many a-c boards the measurements 
of currents may be more accurate than 
those of voltages. In such cases the cur- 
rents flowing in each line are 


and 


‘easured 
knowing the line impedance s—the 
desired difference of potentials -r2 cal- 
culated from them by C,*e or by inspec 
tion, 

When no a-c board is available, the 
above constants may nevertheless be cal- 
culated by subdividing the given network 
into several sub-networks with a small 
number of meshes, calculating their 
leakage impedances, then reestablishing 
the original network. Procedures are 
given in TAN pages 133-140. 

When the system is large, or is com- 
posed of several operating divisions, it is 
often more convenient to measure the 
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JEw— EAE — E-|Er— Ey... 


| po | | l™ | Ad | [160 


_ the same as it is at normal load. 


constants of each division separately, then 
calculate the constants of the resultant 
system by the above mentioned pro- 
cedure. 

If the measurements are to be used only 
for incremental loss calculations and 
those only by the simplified assumptions 
of reference 4, then it is sufficient to 
measure only the real parts of all dif- 
ferences of potentials. When however it 
is intended to consider correctly the swing 
of reactive powers, the complex voltages 
should be measured even when only the 
losses are to be found. 


g L 
tf £) Zo, | Zou (1) 
LiWZrg \eZor. 


The Introduction of One 
Hypothetical Load 
(Frame Number 1-2) 


Let the 50 load currents I” (complex 
numbers) measured during normal load 


LIM hess L50 g L 


= jz,—E,|E,—B| 


Ein — Ey 


L50 


L 


be summed up into one resultant cur- 
rent, the “hypothetical” load current 


[Ha [Ur Jr24 pin (2) 


Let it be assumed that at any other 
load the ratio of the load currents remains 
That is 
let, at normal load, the following 50 com- 
plex ratios be established: 


jy” 


by 
[4 


(nw=1,.., 60) (3) 


The summation of all J, is unity 


JN4-[U24 |, jl 


h+h+...lo= [Le —=] 


Loads ae 


Generators 


“Through” reference frame num- 
ber 3 


Figure 3. 


The preceding assumptions are equiva- 
lent to establishing a matrix of transfor- 
mation C; between the actual and hypo- 
thetical load currents as (TAN pages 
141-173). 


L 
IX. =) [4 1 I, 
[2=),J% 2] 
2 cae =C,l’ 
Cr= 
[0 =] 591% 50} Lso 


(There exists no exactly analogous trans- 
formation in TAN.) The currents of the 
reduced system are 


{re Oa Pe! 
ree | -e] 


Since the generator currents remain 
unchanged, the system currents are 
transformed by (TAN page 216). 


gL 
Pal yea! 


[’= C211? cine 4 (4) 


where 1 is the unit matrix. 
The Voltage Vector E, 


Next let it be assumed that the power of 
the single hypothetical load is the same 
as the sum of the powers of the 50 in- 
dividual loads (TAN pages 101 and 326). 
With that assumption the single hypo- 
thetical load voltage at normal load could 
be calculated (if needed) as the weighted 
average of 50 load voltages. 


Ez’ =(Cz)*Ex 
E,=h*Ent+h*Eat.. .bo*E x0 (5) 


The impressed voltage is by (Cy}),*Ey 


10 L g L 
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where each £ represents the difference of 
potential between the ground and a point 
on the network, Figure 2. 


The Asymmetrical Leakage- 
Impedance Matrix Z,, 
(Frame Number 2) 


Since the system power remains in- 
variant when the fifty load currents are 
replaced by one hypothetical load cur- 
rent, the measured Z is transformed by 
(TAN pages 109, 327, and 222). 


Zo =( C21); *Z Co! 


g L 
g Zoo ZgtCi 
Zn= * * 
L Cr Zig Cu ZirCr 


The resultant impedance matrix is no 


longer symmetrical. The four groups of 
components are found as follows: 


1. The generator impedances Zgg remain 
unchanged. They still form a symmetrical 
square. 


2. The vertical set of mutual impedances 
a between the generators and the hypo- 
thetical load are found by Zyr Cz, that is by 
multiplying each column of the measured 
impedances by Cz, each 50 multiplications 


giving one complex impedance “‘a’’. 


3. The horizontal set of mutual impedances 
b are similarly found by Cy:* Zz. Both 
a and b are functions of the normal-load 
currents. 


4. The self-impedance w of the hypo- 
thetical load cannot be found by Cz:* Zrr 
C,, since the 2,500 components of Zz; have 
not been measured. There are several 
simple ways to calculate w however: 


a. One method is to substitute into the last 
equation of the set (6) the normal-load values of 
the currents and EL—E;, Then the unknown w 
may be solved. 

b. Another method is shown in the companion 
paper.! 

e. A general method, valid also for several 
hypothetical loads, will be shown in connection 
with equation 9. 


These self and mutual impedances will 
serve as the starting points of any future 
analysis. The following two properties 
should be noted: 


1. The load impedances a and b are 
asymmetrical. 


2. The load impedances are functions of 
the load currents existing at normal load. 


REMARKS 


The same products are used in finding 
the b impedances that are used for the a 
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impedances, except that the products are 
added up differently. 


a=(l'+jl")(s’ +72") =I'2! —1"s"+jX 
(U's"+1"z') 
b=(l' —jl’)(2’ +2") =l’s' +12" +7 X 
(U's" —1"2') 


Division by J” may be performed in 
equation 6 in place of equation 3. The 
number of divisions is thereby decreased. 

When the measurements are to be used 
only for incremental loss calculations and 
those only by the simplified assumptions 
of reference 4, then it is sufficient to use 
only the real part of C;. The resultant 
Z.22 matrix contains again only real com- 
ponents, it is symmetrical and the a and } 


(6) 


coefficients become equal, each being 
(a+b)/2=d. However if it is intended 
to consider the reactive power flow cor- 
rectly even for the loss calculations, or if 
other types of transmission system 
studies are to be made, the asymmetrical, 
complex Z». must be established. 


Physical Interpretation of E,=Z,,I? 


The equation E,=Z»I? is the basic 
equation that defines the whole system. 
It serves as the starting point of all 
analysis. 

The equation refers to a junction net- 
work and not to a mesh network (TAN 
pages 354-378). That is I? represents a 
set of currents, each leaving the network 
at the reference point of entry (Figure 2) 
and entering it either at a generator or at 
the hypothetical load. Similarly each 
component of E, represents the difference 
of potential between the reference point 
(a generator) and the points of entry of 
the various currents. The equation 
E,=Z,.I? is merely the inverse of the more 
customary equation of a junction network 
I?=Y"Ep. 

The active and reactive losses in any 
network are found by the quadratic form 
(TAN page 455). 

Py=Pyz!+jPy" =P* ZI" =I?*E2 (7) 
Nevertheless this reference frame cannot 
be used for the loss calculations, since the 


losses come out as differences of large 
numbers, namely 


Losses = generator powers—load powers 


Kron—Tensorial Analysis of Integrated Transmission Systems 


Eq Tq q 


Figure 4. 


t+. ” 
Time reference frame number 4 


Transformation to the “Through”’ 
Reference Frame 
(Frame Numbers 2-3) 


It is necessary to introduce next a ref- 
erence frame in which the hypothetical 
load current J” does not occur as a vari- 
able. Its place is going to be taken by the 
current in the reference generator J’= 
7pes. 

To perform the transformation, the 
following constraint is noted to exist 
among the system currents (TAN page 
157). 


B--B .. f84-F1 fb =O 


From this J’ may be expressed in terms of 
IM as 

fr=— hp. yup 
Hence the transformation matrix is 


LW 


10 11 


Note that the two indices of C denote 
the two reference frames between which 
the transformation is being made. 

The new current vector contains only 
the generator currents. 


1 2 es Oe 
re[ TP jz}... fre} | 


The new voltage vector is by (C3?);*Es, 
Figure 3. 


E, =|£\— Ex] Fo— Ex) .. |Bw—Ex|Eu—Ex 


The Intermediary Equation 
E; = Zl? 


The new ‘‘through’”’ impedance matrix 
is found by (C,2);*Ze2C;?. This product will 
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be established in two steps. The first 
step is: 

1 2 
Zi2=C3":Zr2= .. 


The intermediary equation E;=Z;]? 
(TAN page 178) can be used to solve for 
the unknown ‘‘w’’, Assuming the normal- 
load generator currents and voltages as 
known, the first two equations may be 
solved for the unknown w and £;. 
(Hence it is not necessary to measure 50 
normal-load voltages to find the hypo- 
thetical load voltage E; by equation 5. 
But the measurements may serve as a 
check), 


The Asymmetrical “Through” 
Impedance Matrix Z3, 
(Frame Number 3) 


Performing the second multiplication 
ZC, the resultant is the asymmetrical 
“through” impedance matrix. 


YZ: 1. +w-a,—)b; Zi2+w—a,—b» 


Z2,2+W—d2— be 


The matrix Z33; is asymmetrical and 
complex. It may be subdivided into a 
real part and an imaginary part, each 
being an asymmetrical matrix 


Z33 = R33 +jXss 
The Calculation of Powers 


When the voltage equation E=ZI of 
any network (not necessarily stationary) 
is given, where Z is a complex, asym- 
metrical matrix, then the J?R losses and 
the J2X powers are found by the following 
steps (proofs will be given in another pub- 
lication): 

1. Divide Z into a real and imaginary 
component as Z=R+jX. 

2. Divide R and X each into a sym- 
metrical and a skew-symmetrical part 
(TAN page 42). 
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10 L 


: | Zi,10— bro | a,—w 


Z2,10— b10 a2—Ww 


(9) 


Z10,10—b10 | dio—W 


— bio 


ty 


R=R;+R; x= X,+ XX; 
R;=(R+R:)/2 | Xs=(X+ X:)/2 
R,=(R—R,)/2 | Xi=(X— Xz)/2 


(11) 


3. The real part of the stored power 
(the /?R losses) is found by 


P’/=1*(Rs+jX,J1 (12) 


In most transmission systems the 
second term is negligible, hence for loss 
calculations it is sufficient to use only the 
real, symmetrical part of Z, namely 
Ry 

4. The reactive part of the stored 


power J2X is found by 
jP" =I*(RitjXs)I1 (13) 


It is of interest to point out that in 


(10) 


equation 6 of reference 4 the coefficients 
Kimn tTepresent the symmetrical part of 
R;3 namely R, and the coefficients Hn», 
represent the skew-symmetric part of X33 
namely X;. The former would have been 
found by transforming only the real, 
symmetrical part of Zy. with the aid of 
C;?. 


Physical Interpretation of E;=Z,,I* 


The components of E; represent the 
differences of potential appearing be- 
tween all the generators point of entry and 
the hypothetical load point, Figure 3. 
Similarly the currents I represent a set of 
generator currents, each entering at a 
generator and leaving the network at the 
hypothetical load point. The load volt- 
ages and currents have disappeared from 
the picture. 


The currents in this reference frame 
represent the correct load-flow in the 
system. Hence the powers I?*E; repre- 
sent the J*R and J2X losses in the trans- 
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mission system in terms of generator 
currents only, without introducing ‘dif- 
ferences of large numbers. 


Transformations from Current Flow 
to Power Flow 


The Four Steps 


The second part of the analytical study 
consists of replacing the generator cur- 
rents I* by the real generator powers P as 
variables. For that purpose four suc- 
cessive changes have to be made on the 
load-flow equations E;=Z3,13. 

1. A new time reference frame is in- 
troduced by C,’ expressing the generator 
currents in terms of their real and reactive 
power components existing at normal 
load. 

2. All complex numbers in Ey=ZaI4 
are replaced by real numbers. (This 
change is not considered here as a “‘trans- 
formation of reference frame’’.) 

3. The reactive-power components of 
the generator currents are expressed in 
terms of their real-power components by 
C;4. Only an approximate method will be 
shown here for this step, equivalent to the 
assumptions of reference 4. A more 
correct method will be given in a subse- 
quent publication. 

4. The real-power components of 
generator currents are replaced by the 
real powers P of generators by the trans- 
formation C,°. 


The Introduction of New Time 
Reference Frame Number 4 
(Frame Number 3-4) 


All complex £ and J have the same 
origin in time, (usually the total load 
current J” existing at normal load is 
taken as the real axis d). Let at normal 
load the angle of lag of a generator voltage 
be 6, Figure 4. Also let J=I¢+jI* and 
E=E£,+jE,. Then tan 0=£,/Ha. 

Let now a new time reference frame 
d’ and q’ be introduced for each generator 
along its terminal voltage and at right 
angles to it. Then the components of J’, 
namely J“’ and J?’ represent the real and 
reactive power components of J. 

The problem is to find C; that changes 
each complex I to J’ when the time ref- 
erence frame is rotated by an angle 0. 
It is well known that a rotation of a ref- 
erence frame—while the vector remains 
stationary—is equivalent to the rotation 
of the vector in the opposite direction, 
assuming the reference frame stationary. 
Hence from Figure 4 for one:current 


Terk Cr=[. | 
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Forall 1 


where € ““=cos 0—j sin 0. 
generator currents 


(14) 


The new through matrix Z4, is found by 
(C4).*ZacC,. 


Transformations with Diagonal C 


Since C,? is a diagonal matrix, Zi 
may be found by the following simplified 
steps, without calculating € ’”. 


1. Form a matrix containing all pos- 
sible combination of €/"¢ 7 = im» 
containing only differences of angles. 


1 2 11 
1 1 (i — 1) | ¢) (i — 62) | <1(61— 611) 


(2-1) ¢/ (02— 02) <)(@2—8u) 


11] </(@n—%) 


) (O11 — 02) ef (11-911) 


(15) 


The angles form a skew-symmetric 
matrix with unity along main diagonal. 

2. Multiply each component of Z;33 of 
equation 10 by the corresponding com- 
ponent of the above matrix and by no 
other number. The product gives the 
corresponding component of Zs. 


then the new Iy, Ey, and Z4, matrices as- 
sume the following form (reference 5, 
page 147). 

ae | 


t=] ih & i 


The real axes are denoted by d, the 
imaginary by q. 

The J?R losses are found by Iy!Z 1,4. 
Calculations of the reactive losses [2X 
is left for future consideration. 


The Assumption of Constant 
Generator Q/P (Frame Number 5) 


In order to express J’ as a function of 
I“, as a first approximation let it be as- 


erator at normal load. 
The transformation matrix of the whole 
system is 


I‘=C,4I5 


(21) 


The resultant Z;;, containing only real 
numbers, is 


d’ 
Zss=d'|R+8Rs)+(sX— Xs)|=]Rest Xsol 


(22) 


Since s is a diagonal matrix, Z;; is the sum 
of two matrices. 


Ze) On — 02) 


11 Zy 16 Ou — %) 


The voltage vector (still representing 
the voltage drop between the generators 
and the hypothetical load) becomes 


ae aes 2 


Ey=] |£:|—Exe™ | |A,|—Ere’®? | .... | |En|— Exe | 


For total and incremental loss studies E, 
need not be calculated. 


Changing Complex Equations 
into Real Equations 


The next step is to express the com- 
plex equations E,=Z4,1* in terms of real 
quantities. That may be accomplished 
by introducing twice as many equa- 
tions and twice as many variables. If 


T=]g+j, E=Ea+jE,, Z=R+jX 
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1 24 11 
YW Ri-'(1+s1*) | Ri-2’(1 +5152) Joe. ee | Rien’ isn) 
2 Ro-)'(1 +5251) Ro-2/(1 +52?) | OPO, Ro-ir'(1 +5251) (23) 
Ris=..; SUA eisiarekst. ne nerire ciate ja votes 
11] Rusr/(G-tsusi) | Ru/-tsus) |... | Ron’ tsn*) 
1 2 ete 11 
1 ( | .... | (Xi-n’)(se—sn) 
2} (X2-1’)(s2—51) | : | (Xe-1')(s1— Su) 
Xs=.. ssegsdt CMe mew 5.) he MRS Seneca hoxels eel nite alee 
11 (Xu=1' (sir = 51) CES 
11 Their sum is (containing only real 
Z1-ne — ow) numbers) 
__ J (82— 911) 
Z» 11€ (16) 
(24) 


sumed next that as the loads vary, the 
generator currents stretch in magnitude, 
while the terminal voltages follow merely 
the voltage drop requirement of the static 
network. In that case each generator 
current J may be replaced by its projec- 
tion upon the terminal voltage existing at 


11 
(17) 
normal load, namely by J¢. That is 
d’ 
d 
eho re Ae (19) 
qj s 


where s is a real constant, found from 

normal load measurements as 
q* Qo 

PP, 

The constant s also represents the ratio of 

the reactive to active power of each gen- 


s (20) 
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The impressed voltage is by (C;*),*Ex 


d 


Each component of E; represents that 
portion of |Z,| that is consumed as a 
voltage drop, while J flows from the 
generator to the hypothetical load. 

The equation E;=Z;;I5 contains as 
many scalar equations as there are gen- 
erators. 

This transformation matrix C;‘ is the 
key to the flow of the reactive power of the 
system during a load variation. A more 
correct form, in which the ratio Q/P is 
variable, will be presented in another 
publication. 

The exact C;! will include compo- 
nents of the complex asymmetrical Zs 
also. 


(25) 
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Transformation of Real Currents 
into Real Powers 
(Frame Number 5-6) 


Let it be assumed furthermore that the 
deviation of the generator terminal 
voltages from their normal-load values is 
small. That is let the real power of each 
generator be 


P=I" | Elo (26) 


where the subscript 0 represents normal- 
load values. 
From this 


d 


C,=d]i/[Elo] (27) 


The resultant matrix of transformation 
for the whole system is the diagonal 
matrix 


I? =(1/|E|o)P 


(28) 


|1/|£u|d 


The Power-Flow Reference Frame 


(Frame Number 6) 
The “Loss”? Matrix 


The final “‘loss’”’ matrix Zeg is found in a 
simplified manner by dividing each com- 
ponent of Z;; by the corresponding com- 
ponent of another matrix E,,;. The 
general component of the latter matrix is 
the product Ex, =|Ep|olExlo 


Zn/k= { [Rn—k cos (0x —O%)—Xn—K x 
sin (@n—6%) \(1+sns%)+ [Rr—x sin(On— 
6x) +Xn_x cos (62 —Ox) (Sn—Sx)} / 
|En|o |Exlo 


If only the symmetrical part of R,_;, 
and the skew-symmetrical part of X,_, is 
used, the resultant Z,, would be identical 
with B,,, of reference 4, equation 10. 


The Final Loss Equation E,=Zgl; 


The components of Is represent the 
real power P supplied by each generator. 
The components of Eg=(Ce°),E;=L are 
fractions (less then unity). They rep- 
resent the ‘‘incremental’’ losses d(loss)/o 
(power) =L that is the percentage /?R 
losses that a power P, suffers while it 
flows from a generator to the hypothet- 
ical load. The components of L may be 
called ‘‘directional’’ incremental losses. 
The product L,P; represents the total 
I?R loss \; suffered by P; while it flows to 
the hypothetical load. 

The dimension of I°=P is that of power, 
E,;=L is a numeric and the dimension of 
Zss=M is the inverse of power, Z/H?= 
LPs 

Knowing P and L, the reactive powers 
Q supplied by the generators, also the 
I?X losses and other pertinent informa- 
tion may be calculated. 


Total Losses 


If the real power of each generator is 
given, then the total /?R losses are found 
by 


VW Zy-1"/Ey | Ti Ee 


where Es.) represents the product |Bolo 
[Zuo 


1 2 11 


It should be noted that, because of the 
diagonal matrices C,3,C;*, and C,°, each 
component of Z¢5 (a real number) may be 
found from the corresponding component 
of Zs, equation 10 without utilizing the 
other components of Z33. 

That is if the general term of the 
“through” matrix Z33 is Zy_,=Rn_,+ 
jXn_» then the general term of the final 
“loss” matrix is 
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11 
Zi-u"/Exu 
Zo-11' /E 
2-11 / 2,11 (29) 
X\=PMP=PL = [°Z¢1* = I6Eg (30) 


The same answer is found if: 

1. Only the symmetrical part of Zee 
is used, to be denoted by Rgs=B. 

2. Only the symmetrical part of 
R,_, and the skew-symmetric part of 
X,_;,is used with the transformations 
C,3, C;!, and C,°. 

Each component of I®Eg represents the 
I*R loss due to one generator current, 
while their sum gives the total losses in 
the whole system. 


Economic Loading Studies 


Differentiating with respect to P 
(TAN page 32) the “incremental losses’, 
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to be used in economic loading studies, 
are i 


(31) 


represented by a one-matrix (vector). 
It should be noted that Reg is only the 
symmetrical part of Zes=M and ddA/oP 
differs from L. The latter two concepts 
represent different types of incremental 
losses. 

The sum of the fuel cost F (a diagonal 
matrix) and 2 Regs (a square matrix) are 
used in reference 3 for the co-ordination 
equation to determine the most economic 
loadings of the system. 
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Discussion 


E. E. George (Ebasco Services Inc., New 
York, N. Y.): The author has used tensor 
analysis to develop improvements in pro- 
cedure in making loss formulas, and ap- 
parently has developed a general approach 
to other power problems. 

The mathematical procedure in this 
paper is largely a mystery to the average 
engineer. Any comment on this must be 
left to the few mathematicians who under- 
stand tensor notation and tensor algebra. 

The author has contributed several im- 
portant items: 

1. Theuse of constant power to replace 
previous constant current or constant volt- 
age concepts. 

2. The concept of a separate impedance 
matrix, susceptible of modification. 

8. The concept of a separate load matrix, 
susceptible of modification. 

Perhaps the author should state, as he 
has in previous papers, that tensor analysis 
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is a shorthand notation, useful in developing 
formulas, but that the application of these 
formulas to physical problems requires just 
as many arithmetical operations as if the 
formulas had been developed by other 
methods. 


Gabriel Kron: Let Mr. George not confuse 
short-hand ‘‘notation’’ with short-hand 
“thinking!’’ 

George had observed that the load varia- 
tions in!a transmission system are more or 
less uniform. So he assumed in his analysis 
that all load-currents vary together in the 
same ratio that they happen to have at 
normal load. Both his and Ward’s method 
of measurements are based upon this ob- 
servation. No amount of knowledge of 
tensors would have ever led them to this 
simplification; it needed a close acquaint- 
ance with the practical operation of actual 
power systems and good engineering judg- 
ment. 

Once I became convinced that here is a 
key assumption, my quarter-century back- 
ground of tensorial analysis immediately 
put into high gear—(entirely in an auto- 
matic manner) a chain-reaction of reason- 
ing. The chain of thought may be described 
as follows. 

Here is an assumption that compels 50 
load-currents to go up and down together in 
unison instead of allowing them to vary 
independently. In order to fit an isolated 
girder into some bigger structure I am 
going to consider this constraint not as a 
“constraint,” as is always done conven- 
tionally, but as a “‘transformation’’ of some- 
thing into something else. Evidently in this 
constraint ‘‘50 load currents’ are trans- 
formed into ‘‘one load-current.’”’ So the 
first link in the chain of thoughts brought 
to life the concept of a single ‘“hypotheti- 
cal’? load current J”. 

Next, if there is a transformation, there 
must also exist a “matrix of transforma- 
tion’? C; that establishes a relation be- 
tween the 50 ‘‘old” currents and the one 
“New” current as i = Czi’. Moreover, if 
there is a transformation usually there exists 
something in the physical set-up that is not 
transformed but remains “‘invariant.’’ Ob- 
viously the new hypothetical load carries the 
same real and reactive powers that the 50 
old loads do. This “invariance of power” 
automatically makes available the ‘‘laws 
of transformation’’ of many physical entities 
connected with the transmission system. 

Now that I have a “matrix of transforma- 
tion” C; and “laws of transformation,’ 
I must get hold of some physical entity to 
transform it with C;. The entity that first 
comes into mind in stationary network 
studies is the “impedance”? tensor Z. 
It is true, Cz, has nothing whatever to do 
with the 100 self- and mutual-impedances 
that exist between the ten generators, since 
no constraint was placed upon the generator 
currents. However, the 500 mutual imped- 
ances that the 50 load currents form with 
the ten generators, can be transformed into 
ten new impedances. Since Cy; contains 
complex numbers I also knew that I would 
need 20 mutual impedances instead of ten, 
as they (the a and b coefficients) would be 
nonreciprocal. 

Having on my hands both generator and 
load currents (and impedances) each set 
behaving in quite different manners, I had to 
draw upon my experience with “compound” 
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tensors (tensors within tensors) to realize 
that the a mutual impedances can be found 
by the simple multiplications C,Z and the b 
mutual impedances by a conjugate formula 
(C,):* Z that gives a set of different num- 
bers with hardly any additional work. I 
could also visualize that to obtain 20 im- 
portant hypothetical impedances, it would 
be worth-while to measure 500 conventional 
impedances or voltages on the actual sys- 
tem. Thus was born the concept of ‘‘load- 
impedance”’ measurement—without using 
the loads themselves—for this particular 
problem, in place of the “‘loss-coeflicient”’ 
measurements of George and Ward. 

Of course similar load-impedance meas- 
urements must have been performed previ- 
ously for other types of problems ever since 
transmission lines existed. I merely real- 
ized that the measured load impedances 
may be transformed even under the handi- 
cap of placing restrictions upon the load 
variations. 

lt should also be emphasized that in the 
writings of George and Ward no traces 
whatever can be found of the concept of one 
single hypothetical load current. They 
always talk of a large number of loads 
constrained to vary in the same manner. 
Hence, the concept of an asymmetrical 
mutual impedance between the hypothet- 
ical load and a generator remains a total 
stranger to anyone who maintains the 
physical picture of “‘constraint’’ instead of 
“transformation.”’ 

To obtain the single self-impedance ‘‘w’’ 
of the hypothetical load by C;* Z C, a very 
important key number by the way, at first 
I was appalled by the necessity of measur- 
ing 2,500 impedances merely to calculate 
one single number. Sheer instinct of sur- 
vival dictated that there ought to be some 
other way of calculating one wee-bit of a 
number without doubly multiplying 2,500 
numbers together with 50 other numbers. 
Eventually I found several short-cuts and 
Kirchmayer found many more still simpler 
ways of calculating w. 

I will terminate now the enumeration of 
the links in this ever-expanding chain of 
thought and will ask Mr. George the $64 
question: Would you call the above chain 
of reasoning a short-hand “‘notation’’? 

It definitely is a short-hand “‘reasoning,”’ 
fully automatic, requiring no understand- 
ing of the fourth dimension, only a well- 
defined “pattern of thinking.’”’ It requires 
the same type of automatic thinking that 
any power engineer employs as soon as he is 
confronted with a 3-phase problem. ‘‘Let’s 
introduce symmetrical components” (which 
by the way, is also a “‘transformation’’). 
Nevertheless if the engineerisnot acquainted 
with the tensorial chain of thought it is 
most unlikely that he would ever stumble 
upon the above-indicated method of cal- 
culating the 20 nonreciprocal mutual im- 
pedances existing between the 50 uniformly 
varying loads and the ten independent 
generators. Of course there are no reasons 
why anyone should not eventually discover 
some still simpler method. 

It is true, a short-hand ‘‘thinking”’ auto- 
matically introduces as one of its by-prod- 
ucts a short-hand “‘notation.”” But bring- 
ing that up in any discussion over the merits 
of tensors is like emphasizing that an air- 
plane is a useful noise-making gadget, as 
its racket scares the enemy on the battle- 
front. Einstein did not discover his E = 
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mc? formula by leaving out the summation 
signs in his notes! He discovered that for- 
mula by confronting the ‘“‘matrix of trans- 
formation”’ C of the Lorentz ‘‘transforma- 
tion” x = C x’ with the question: What 
physical entities will remain “invariant” 
under this C? He found that, among others, 
the sum of the mass and energy of a particle 
will also remain invariant. 

George claims that a formula requires the 
same amount of numerical computations 
whether the formula was derived by ten- 
sorial reasoning or by some other conven- 
tional reasoning. If he has in mind the 
formulas employed in the steps establishing 
the required loss-coefficients (the purpose of 
all these papers under discussion) he picked 
a poor occasion to assert such a claim. 
The George-Ward formulas are definitely 
nontensorial, while my formulas definitely 
are tensorial. The amount of measurements 
and calculations involved in arriving at the 
same final goal, the loss-coefficients (using 
the same initial assumptions) happen to in- 
volve with the tensorial reasoning only 5 te 
10 per cent of the work involved by the use 
of their nontensorial method. When the 
calculations for one transmission system 
take several weeks, a reduction of working 
time to one tenth of its previous value cer- 
tainly shows up the tensorial method of at- 
tack in a rather favorable light. 

Nevertheless no serious students of 
tensors ever claimed, I never claimed, and 
I still do not claim now, that the tensorial 
reasoning saves, or ever intended to save, 
arithmetical calculations. Every engineering 
problem inherently involves a_ certain 
amount of numerical computation that ne 
method under the sun can circumvent. 
Also, with every particular problem there are 
associated short-cuts, whose discovery de- 
pends entirely on the alertness and back- 
ground of the analyst himself. When a 
method requires an unreasonably large 
amount of computation, that is not the 
merit of other methods; it is rather the 
failing of the employed method or of the 
computer himself. 

As a matter of fact, if I had stuck blindly 
to the steps offered by the tensorial method, 
I would have been forced to calculate the 
self-impedance w of the hypothetical load 
by 2,500 measurements and by geveral times 
as many multiplications. Nevertheless the 
tensorial procedure supplies a steel frame- 
work that enables the engineer to fill in the 
empty spaces by any imaginable method 
that may strike his fancy. The strong but 
slim steel girders of tensor analysis allow 
plenty of elbow-room to draw upon the 
resources of every other mathematical or 
physical science, or upon just ordinary 
horsesense. 

The tensorial reasoning is intended pri- 
marily to save mental labor, to attack in an 
organized systematic manner complicated 
problems that look hopelessly involved, 
such as are most of the problems that arise 
in integrated transmission system opera- 
tion: the kind of problems that power 
engineers are apt to consider unsolvable. 
Yes, their solution does look hopeless with 
the conventional analytical tools employed 
by power engineers. But the systematic 
method of tensors, plus modern calculating 
devices, do promise definite answers. 

There are no reasons why the solutions 
of many presently-ignored steady-state 
problems of integrated transmission sys- 
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tems should not be part of a mere everyday 
office routine, performed by trained cal- 
culators, by punch-card machines or by 
special electronic calculating devices. The 
analytical tool is already available and 


many of the methods have already been 
worked out in detail. It is only a question 
of how fast the power companies them- 
selves will utilize the facilities already avail- 
able along these lines. 


Perhaps. the greatest handicap to over- 
come, before power engineers cam//even ° 
start solving their integrated system prob- 
lems by analytical methods, is their awe, 
their fear of the ‘“‘mysteries” of tensors. 


Determination of Instantaneous Currents 
and Voltages by Means of Alpha, Beta, 


and Zero Components 


W. C. DUESTERHOEFT 


ASSOCIATE AIEE 


PPLICATIONS of the method of 

-® alpha, beta, and zero components 
(conveniently written a,3,0 components) 
to the determination of phase currents 
and voltages of fundamental frequency in 
unbalanced 3-phase power systems have 
been given.!'~* The advantages of a,6,0 
components over symmetrical compo- 
nents, in the determination of fundamen- 
tal-frequency phase quantities, is largely 
restricted to unsymmetrical 3-phase sys- 
tems in which the positive- and negative- 
sequence impedances of the rotating 
machines of the system can be assumed 
equal. This restriction is not present in 
the determination of instantaneous phase 
quantities by the method of a,8,0 com- 
ponents. 

The purpose of this paper is to present a 
method of ‘analysis rather than to de- 
velop new equations. For this reason, 
well-known equations previously de- 
rived by outstanding engineers have been 
selected for redevelopment here in order 
to show the simplifications made pos- 
sible by the. application of a,8,0 com- 
ponents. Sincere admiration is hereby 
expressed for the ability of these engineers 
to carry through the original development 
without the benefit of a,8,0 components. 

The paper is divided into three parts. 
In Part I, relations are established be- 
tween instantaneous phase quantities and 
their a,8,0 components, and between @ 
and 6 components and direct- and quad- 
rature-axis components. Park’s equa- 
tions for an ideal synchronous machine, * 
in terms of direct-axis, quadrature-axis, 
and zero-sequence components, are ex- 
pressed in terms of a,8,0 components for 
use in Part II and Part ITI. 
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In Part II, equations for instantaneous 
phase currents and voltages at the ter- 
minals of an unloaded ideal synchronous 
machine during all types of short circuits 
are derived by means of a,8,0 compo- 
nents. It is thought the method of de- 
veloping the complete harmonic series for 
instantaneous currents and voltages, 
given in the Appendix I, has not been 
presented previously. 

In Part III, equations for circuit- 
breaker recovery voltages derived by 
Park and Skeats® are redeveloped using 
a,8,0 components. The simplification in 
development made possible by the ap- 
plication of a,8,0 components can be seen 
readily by comparison with the original 
development. 


Part I. Equations for Use in 
Parts II and III 


NOTATION 


Let 7, y, and e with appropriate sub- 
scripts represent instantaneous armature 
current, flux linkage, and voltage, re- 
spectively; let subscripts a, b, c refer to 
phase a, b, c, respectively; let subscripts 
a, B, 0 refer to a, 8, and 0 components, 
respectively; let subscripts d and q refer 
to the direct- and quadrature-axis com- 
ponents, respectively. 


RELATIONS BETWEEN PHASE QUANTITIES 
AND THEIR @,3,0 COMPONENTS 


By definition, instantaneous phase 
currents 7, 7%, 7, of normal phase order 
abe at any point in a 3-phase system, in 
terms of their instantaneous a,6,0 com- 
ponents of current, are 
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a. 


ta =tetto (1) 
1 es 

in = — Sia tint (V3/2)ip 2) 

: Lee ents 

to= — Gta tto—(V3/2)ip (3) 


Simultaneous solution of the preceding 
equations gives 


ote @E 7 Gr) (4) 


és (4 —1¢ 
4B = (5) 
jpn tet (6) 


If 7 in equations 1-6 is replaced wy or e, 
equations relating instantaneous flux 
linkages (W) or voltages (e), respectively, 
in the phases and in the a, B, and 0 cir- 
cuits will be obtained. Equations 1-6 
are general equations which apply under 
all conditions. No simplifying assump- 
tions need be made; the quantities 
involved may be expressed in per unit of 
stated base quantities, or in any con- 
sistent system of units. 


IDEAL SYNCHRONOUS MACHINE 


In developing equations involving 
synchronous machines*® the work is 
greatly simplified if per unit quantities are 
used, and an ideal synchronous machine 
is assumed with saturation, hysteresis and 
eddy currents in the iron neglected, these 
latter effects to be taken into account later 
if of importance. 


Unit oR BASE ARMATURE QUANTITIES 


Unit armature current and voltage are 
crest values of rated phase current and 
rated phase voltage, respectively; unit 
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impedance is the ratio of rated phase 
voltage to rated phase current; unit 
speed of the rotor is synchronous speed; 
unit time is one electrical radian; unit 
armature linkage will generate unit 
armature voltage at rated speed; unit 
armature magnetomotive force is the 
magnetomotive force produced by rated 
positive-sequence armature currents; 
unit permeance when multiplied by unit 
magnetomotive force produces unit arma- 
ture linkages. 


RELATIONS BETWEEN DiRECT- AND 
QUADRATURE-A xIS COMPONENTS 
AND @ AND 6 COMPONENTS 


As zero-sequence components (written 
0 components in the a, B, 0 system) are 
the same in both systems, it is unneces- 
sary to consider them in establishing rela- 
tions between the two systems of com- 
ponents. If equations 1, 2, and 3 are 
substituted for z,, 7, and 7,, respectively, 
in the equations for 7g and 7, in reference 5, 
and the resultant equations solved for 
1, and tg, the following equations are ob- 
tained: 


4a =1q COs 6+-7g sin 6 (7) 
1g = —te sin 6+7g cos 6 (8) 
ta =1a cos O—ty sin 6 (9) 
1g =1a sin +79 cos 6 (10) 


If z in the preceding equations is re- 
placed by y or e, equations relating direct- 
and quadrature-axis components and a 
and 6 components of flux linkage y or 
voltage e, respectively, result. 


PaRK’S EQUATIONS FOR AN IDEAL 
SYNCHRONOUS MACHINE IN TERMS 
OF a@,8,0 COMPONENTS 


The development of these equations 
(which are expressed in terms of direct- 
and quadrature-axis components) by 
using a,8,0 components instead of phase 
quantities, and the expression of them in 
terms of a,8,0 components have been 
given.’ For the initial conditions follow- 
ing a short circuit at the terminals of an 
unloaded machine, operating at rated 
speed, these equations in terms of @,6,0 
components are 


€a = —Iy sin 6—p(x+y cos 26)ig—pyX 
sin 20ig—rig (11) 


ég=I; cos 0—py sin 201, -—pX 
(x—y cos 20)ig—rig (12) 


&o= — pxolo— 110 (13) 
(ea"+%") (xa —%") 


where p=d/dt; r is per-unit armature re- 
sistance, assume the same in all com- 
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ponent networks; @ is the angular dis- 
placement in electrical radians of the 
direct-axis of the rotor from the axis of 
phase a, measured in the normal direction 
of the rotor. xg” and x,” are per-unit 
direct- and quadrature-axis reactances, 
respectively; ¢ is per unit armature 
voltage rise to machine terminals; 7 is per 
unit current flowing from machine ter- 
minals; and 7;=d-c field current in per 
unit of that base field current which will 
produce unit armature linkage at no load 
and rated speed, with saturation neg- 
lected, and generate unit armature volt- 
age. 

During the first instant after a dis- 
turbance, the speed of the rotor can be 
assumed constant at rated speed because 
of rotor inertia. At rated speed, the 
speed of the rotor in per unit of synchro- 
nous speed is unity; and the angle 6, at 
any time f in electrical radians, may be 
written 


0=0+¢ (15) 


where 6)>=0 at time t=0, from which time 
in electrical radians is measured. In 
the work which follows in Parts I and II, 
constant rotor speed will be assumed, and 
armature resistance (7) in equations 
11, 12, and 13 will be neglected to permit 
ready solution without a differential 
analyzer. As armature resistance is 
small relative to reactance, neglecting it 
will not appreciably affect initial cur- 
rents and voltages; for subsequent 
values, appropriate decrement factors 
can be applied, as will be explained later. 


Part Il. Short-Circuit Currents and 
Voltages at the Terminals of an 
Unloaded Ideal Synchronous 
Machine, Operated at Rated 
Speed 


Equations 11-14, with resistance neg- 
lected and constant rotor speed assumed, 
will be used to determine phase currents 
and voltages at the machine terminals 
in terms of their harmonic components 
during the first instant after various 
types of ‘short circuits. Subsequent 
values of current and voltage may be ob- 
tained by application of appropriate dec- 
rement factors. Even harmonics (in- 
cluding d-c components) and natural- 
frequency terms are attenuated by arma- 
ture time constants; odd harmonics (in- 
cluding fundamental-frequency terms) 
are attenuated by rotor time constants. 
As capacitance of the generator is neg- 
lected, there will be no natural frequency 
terms. In determining maximum cur- 
rents and voltages, action of voltage 
regulators can be neglected as any change 
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in the voltage of the field exciter will have 
negligible effect during the first cycle or 
less required for currents and voltages to 
reach their maximum values. 


LINE-TO-LINE SHORT CIRCUIT 


Let the fault be between phases } and c. 
The conditions imposed by the fault are: 
Ig=0; ty=—4,; e=e,. These equations 
substituted in equations 4 and 6, and in 
5 with z replaced by e, give 7,=0; %=0; 
ég=0. The above equations allow the 
reduction of equation 12, with r=0, to 


I; cos 0=p(x—y cos 20) ig (16) 


If each side of equation 16 is integrated, 
there results 


Tz (sin 6—sin 0) =(x—y cos 26)ig 


The current zg, being zero immediately 
before the fault at s=0, must. be zero im- 
mediately after the fault; hence, J, sin 
4) appears in the preceding equation as 
the integration constant. Solution for zg 
gives 


. _I,(sin 9—sin 40) 


ig (17) 


ra (x—y cos 20) 


Substitution of equation 17 and z,=0 in 
equation 11 gives 


py sin 26/, (sin 6 —sin 60) 
(x—y cos 26) 


€a = —Lyz sin 0— 


(18) 


HARMONIC SERIES FOR CURRENTS 


Currents ig in equation 17 can be ex- 
panded in a harmonic series in terms of x 
and y by application of equations 99 and 
96 with Z given by equation 94, if @ and 
b in these equations are replaced by x 
and y, respectively. When x and y are 
then replaced by their values in terms of 
xq” and x,” from equation 14 and 7, mul- 
tiplied by V3/2 to give p= —i, (since 
iy=ty=0), the harmonic series at the 
first instant is obtained 


1p = te = [V3 Iy/(xa"+ V/ xa"%q") |X 
ae nine DO 3/2) 


n=1 


[Z, sin 60//xa"xq"| X 


E>, cos an | (19) 


n=1 
where 


Alaa! on) 20) 
(V/xa" + V x0") 

Equation 19 checks the work of 

Doherty and Nickle.’ As pointed out by 


these authors, it is interesting to note that 
the coefficients in the harmonic series are 


Z 
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the constant Z, which is less than unity, 
taken to increasingly higher powers for 
the higher harmonics. The first series in 
19 gives the fundamental and odd-har- 
monic terms; the second series gives the 
d-c and even-harmonic terms. 


HARMONIC SERIES FOR VOLTAGES 


Voltage €g, in equation 18, can be 
simplified by integration of the first term 
and indicated differentiation, as in the 
following equation 


y sin 20(sin @— sin “| 


=pl7p g— 
ia j| cos (x—y cos 26) 


fad : og 
ay (x—y) cos 6+y sin > sin ] (21) 


(x—y cos 26) 


Equation 21 can be expanded in har- 
monic series in terms of x and y by ap- 
plication of equations 100 and 97 with Z 
given by equation 94, if a and b in these 
equations are replaced by x and y, re- 
spectively. 


2(x—y) ) 2" cos (2n—1)6 


n=1 


Ca = Ply + 


x—ytV/x2—y? 


2pIy sin 4 sin 2n@ (22) 
n=1 

When x and y in the fraction in equa- 
tion 22 are replaced by their values in 
terms of xg” and x,” from equation 14 
and numerator and denominator multi- 
plied by Vxq"/x,", and the indicated dif- 

ferentiation performed, e,=e, is 


€g =lCa = 


~2y\/xa"xq" ) (2n—1)Z"—" sin (2n—1)8 
n=1 
(xa" +-Vxa"xq") 


+4I; sin 6) nZ” cos 28 


n=1 


1 
6p =e = 94 (23) 


where Z is given by equation 20. 


LINE-TO-GROUND SHorT Circuit 


Let the fault be between phase a and 
ground. The conditions imposed by the 
fault are: e,=0;7,=1,=0. These equa- 
tions substituted in equations 4, 5, and 6 
and in equation 1, with 7 replaced by e, 
give 


1g=0; ta=2t0; Cg = —€0 (24) 


Equations 24 substituted in equations 
11 and 13 reduce these equations to ex- 
pressions which can be solved for i, 
Ca = — 0 = pXoto= PiXole 

= —Iy; sin 0—p(x+y cos 26)ix (25) 
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p(xt+ zx0t+y cos 20)i, = —Iy sin 6 (26) 


If each side of equation 26 is integrated 
and the condition is satisfied that 7, must 
be zero at f[=0 


et Is(cos 8— cos 4%) 
iy (x+43x0+y cos 24) 


(27) 


When 7, from equation 27 and ig=0 
are substituted in equation 12 


: py sin 26(cos @— cos “| 
= O a 
Se eee (x+4x0+y cos 26) 


(28) 


HARMONIC SERIES FOR CURRENTS 


The series for 7,, equation 27, in terms 
of x, y, and x» can be obtained by using 
Equations 100 and 96, with Z given by 
equation 94 if a and b in these equations 
are replaced (x+3x 9) and —y, respec- 
tively. When x and y arerreplaced by 
values in terms of xq” and x,” from equa- 
tion 147, and Z are determined. Since 
ig =1+%, and t9= 42, 


o 


3Iy ; Z"—' cos (2n—1)6 


n=1 


[xa” +4x0t+-V (xa" + 4x0) (%g" +420) ] 


317 cos 8 E ) Z” cos ant | 
n=1 


2V (xa" +440) (%g" +340) (29) 


where 


WV xq" + 0-00" +440 
; (Vx "+ 3x0+ V xa" +4x0) 


(30) 


HARMONIC SERIES FOR VOLTAGES 


The a-component of voltage can be 
found from equation 25 if 7, in this equa- 
tion is replaced by (2/3)7, given by equa- 
tion 29, and the indicated differentiation 
performed. 


Ca =PrXole 


—xolyz Z 
= x 
xa" +4x0+-V (xa"+4x0) (q” +40) 


; (2n—1)Z"—* sin (2n—1)0+ 
nm=1 


2xoI7 cos A 
V (ea + 4x0) (o¢q” + 4x0) 


} nZ” sin 2n0 (31) 


n=1 
where Z is given by equation 30. 
Integration and indicated differentia- 
tion of the first term of eg in equation 28, 
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and simplification, give en 
H 
plyl(x—y+ 3x0) sin @—y cos Hp sin 26] 
eq a ee eee 
ie (x+4x0+y cos 26) 
(32) 


Equation 32 can be expanded in a series 
in terms of x, y, and xo by application of 
equations 99 and 97, where Z is given by 
equation 94. When expressed in terms 
of x4”, x7”, and xo by a procedure similar | 
to that used to obtain 7, in equation 29, 
and the indicated differentiation per- 
formed 


es 21 ¢-V (xa" +4%0) (%q” +420) ~ 
xa" +4x0+-V (xa" +4x0) (xq” + 3x0) 


) (2n—1)Z"— cos (2n—1)9— 
n=1 
4Ty cos 0 ) nZ” cos 2n6 (33) 


n=1 


where Z is given by equation 30. 


PHASE VOLTAGES 


From equations 1, 2, and 3 with 7 re- 
placed by e, 


la =lat &o=0 (34) 
Sea V/3¢ep 
ao ee 35 
ep 3 45 9 (35) 
3la / 3eg 
pas pol FEV Ae 36 
eee: 2 0) 


After ¢, from equation 31 and eg from 
equation 33 have been substituted in 
equations 35 and 36, the resultant equa- 
tions can be simplified by application of 
the equation: 


A sin 8+B cos 6= V/A?+B? sin (6—7) 
where 

y= tan (B/A) 

Thus 


- V31 t V x4 "xq" + (3x0) (xa” +-%q") x0" x 
xa” +3x0t V (xa +420) (q” +4000) 


Y (Qn—1)Z"-! sin [(Qn—1)@+y]— 
n=1 


2/31; cos 6-V a"%g” + (4260) (xca” beg") +2002 
V (xa" + 4x0) (xq" + $40) 


o 


) nZ” sin (2n0+-+7) (37) 


n=1 


eb 


where 


_, 2 Gea? +o) xa" $40) 
V/ 3x0 


y= tan 


AIEE TRANSACTIONS 


a ee 6 We. 


an ae 


oy ee 
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and Z is given by equation 30. The equa- 
tion for e, differs from that for e, only in 
that sign before y is negative instead of 


positive. 
DOUBLE LINE-TO-GROUND FAULT 


Let the fault be between phases } and ¢ 
and ground. The conditions imposed by 
the fault are: 7,=0, and e,=e,=0. These 
equations substituted in equation 1, 
and in equations 4, 5, and 6 with 7 re- 
placed by e, give 


eg=0 eg =2e (38) 


ta = —ip 


Equations 38 with equations 11, 12, and 
13 give 


P(x+2x0+y cos 26)ietpyX 
sin 267g = —Jf( sin 6) 


py sin 26i.+ p(x —y cos 20)ig =Is(cos 6) 


If both sides of the preceding equations 
are integrated and the integration con- 
stants evaluated, there results 


(x+2x0+y cos 26)ta+yX 


sin 2@ig =I;(cos @— cos 4) (39) 


y sin 267. + (x —y cos 26)ig =I (sin 6— sin 4) 
(40) 


Simultaneous solution of equations 39 
and 40 for 7, and ig gives 


t, — 
Byte’) cos 6 —x cos 0+ cos 26 cos 6+ 
y sin 4 sin 26] 
x? —y?+ 2xox —2xoy cos 26 
(41) 
L = 
I;((2xo+x—y) sin @—(2xo+x) sin 6 — 
y sin @ cos 26+ cos @% sin 20] 
x?—y?+ 2xox —2xoy cos 26 
(42) 


HARMONIC SERIES FOR CURRENTS 


To apply the equations of Appendix Ito 
equations 41 and 42, a and } must have 
the following values in equations 100, 97, 
96, and 98, and in Z given by equation 
94 


@=x* — 2+ Qox =xa"X_" +xX0(xa" +x9") 
b=2x0y =x0(xa" —xq") 


The procedure for determining the 
complete harmonic series for 7, and ig, 
and then substituting them in the equa- 
tions for 7, and 7, and combining terms, is 
similar to that used to obtain e, in equa- 
tion 37. It will not be given here; in- 
stead, the odd-harmonic terms of 7, will 
be expressed in a form suitable for use in 
art, TIT. 

From equation 38, i= —7,; therefore 
from equation 2 


ip = —3ig/2+-V Big /2 (43) 


When the terms in the numerators of 
equations 41 and 42 involving 4 (even 
harmonics) are omitted, and these equa- 
tions are substituted in equation 43 


—~3(x—y) cos 0+ 1/3(x—y+2x0) sin 6 


bees Ce pee ol a Sh D) 
2[x?—y?+ 2xo(~—y cos 26)] 
(44) 
HARMONIC SERIES FOR VOLTAGES 
From equations 88 and 13 
Cag = 20 = —2pxoio =2pXote (45) 


If equation 41 for 7, is expressed in its 
harmonic series, then substituted in equa- 
tion 45, and the differentiation performed, 
€g is obtained. The voltage eg=eg+e 
=(3/2)e, is 
ii —6xoreg”"Iy , 

Xq" (%a" +-2x0) + 
Vxa"x" (xa" + 2x0) (xq"” + 2%0) 


) (2n—1)Z"—" sin (Qn—1)@— 


n=1 


6xa"xg"Ty cos Bo 


V xa"xq" (ca + 2ax0) (20g” +2x0) 
2 


) nZ" sin 2n0+6Iy X 


n=1 


2 


sin @ ) nZ" cos 2n@ (46) 


n=l 


where 


Es V xa" (%q" +20) —-Vxq" (xa” + 2x0) 


V xa” (29 +220) +-V/ xq" (xa"” +20) 


Z 


(47) 
THREE-PHASE FAULT 


The conditions imposed by the fault, in 
a grounded or unground system are: 
tg+t,+i,=0, and eg=e=e,. These equa- 
tions substituted in equation 8, and in 
equations 4, 5, and 6 with # replaced by e, 
give =0) e2=0, and es=0. When e,=0 
and e3 =0 are substituted in equations 11 
and 12, these equations will be the same as 
those for a double line-to-ground fault 
with the terms containing x) omitted. 
There 7g=t.+%=1, can be written from 
equation 41 by omitting the terms in the 
denominator containing x». 


: (x —y) cos @—x cos A+ cos (28 —8) 
MSY bias 16a et Saks ee AAS Pal 
(x*—y?) (48) 
(xa"++x9") cos A — 
am iE Cli (xa"” —xg") cos (20 —6o) 


tae (2xa"xq") 


(49) 
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Part III. Circuit Breaker Recovery 
Voltage 


Circuit breaker recovery voltage may 
be defined as the voltage appearing across 
the poles of a circuit breaker after it has 
interrupted a current. The first an- 
alytical treatment of the subject is given 
in a paper by Park and Skeats.* They 
divide the effects of recovery voltage into 
high- and low-frequency effects and treat 
these two effects separately. High-fre- 
quency effects depend upon the capaci- 
tance in the system. Two types of sys- 
tems are considered for low-frequency ef- 
fects: (1) those in which the impedances of 
stationary equipment are much greater 
than the impedances of rotating machines, 
so that the effects of unequal reactances in 
the direct and quadrature axes of rotating 
machines are relatively unimportant; 
(2) those in which the impedances of 
rotating machines predominate. It is the 
latter type which will be considered here, 
the purpose being to check the final 
equations in Appendices B, C, and D of 
the reference paper® by using @,8,0 com- 
ponents. 

The equations for fault current, de- 
veloped in Part II, will be used to deter- 
mine the voltage across the poles of the 
circuit breaker for the first phase to clear 
of a fault at the terminals of an unloaded 
ideal synchronous machine operating at 
rated speed. In the case of multiple pole 
breakers, the resistance of an arc formed 
by an uninterrupted phase current is as- 
sumed to be zero. Natural frequency 
effects caused by capacitance will be neg- 
lected. 

External reactances can be added 
to the machine reactances but, as the 
length of externally connected circuits 
increases, the capacitance assumes greater 
importance. Resistance will be treated 
as in the reference paper;® its effect on 
the initial magnitudes of currents and 
voltages is small and will be neglected, 
but the attenuation of currents and volt- 
ages is included in the decrement factors. 
Use will be made of the method of super- 
position, whereby a current is interrupted 
(made zero) by superposing an equal and 
opposite current without changing the 
system. The voltage drop across the 
switch terminals caused by the applica- 
tion of a current equal and opposite to the 
fault current will be the same as the 
voltage across the switch caused by open- 
ing the switch. When faults involving 
ground in a grounded system are treated, 
the voltage across the circuit breaker is 
equal to the phase voltage to ground of the 
opened phase. In ungrounded faults or 
ungrounded systems, the circuit breaker 
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voltage will be the difference between two 
phase voltages. 


FLux LINKAGES AND VOLTAGES 


The following equations relate sudden 
changes inV,, Vg, and Wo with sudden 
changes in i, ig, and %. 


Vo! = —tig' (x+y cos 20) —ig’y sin 20 (50) 
Vg! =—tg’! y sin 20—ig'(x—y cos 20) (51) 
Wo’ = —tx9 (52) 


(xe—+%q") (xa” —Xq") 
x= — = 


9 y 9 (53) 


where primes indicate sudden changes 
from previous values; and the negative, 
signs with currents follow the convention 
for signs of the reference papers:*" flux 
linkages due to the main field are positive, 
those due to current in the positive direc- 
tion are negative. Voltage rise to the 
machine terminals in any circuit, a, is 
written 


Ca =pVa (54) 


where WV, included all linkages with cir- 
cuit a. 


DrCREMENT FACTORS 


The equations for short-circuit cur- 
rents given in Part II are for initial cur- 
rents. By the time a circuit breaker 
operates to interrupt a fault current, the 
magnitude of the current will have 
changed, Let 


ky=decrement factor for odd harmonics 
which may combine effects of rotor 
transient and subtransient time con- 
stants with exciter response 

ka =decrement factor for even harmonics 
which depends upon the armature 
time constant 


OPENING A DOUBLE Linr-ro-GROUND 


FAULT 


Let the fault involve phases b and cina 
grounded system, and assume that phase 
b opens before phase c, after armature 
transients have died away. The fault 
current 7), at the instant phase b clears, 
is k, times that given by equation 44 with 
I; replaced by unity for rated voltage be- 
fore the fault. Let 2,’ indicate the cur- 
rent to be superposed on existing condi- 
tions. Then, 


—k,[—3(% —y) cos 0+ 
gt A oe V3(% — y+ 200) sin 0) 


4 = ee 
, 2[x? —y?-+-2x9(x—y cos 20)] ($5) 


Before phase b opens, which is before 
ty’ is applied, e,=e,=0 and i,=0. With 
resistance neglected and e,=e,=0, Vy) = 
W,.=0; from equation 5, with 7 re- 
placed VW, Vg=0. After iy’ is applied, as 


phase a remains open and phase c remains 
grounded, 1,’=0 and V,’=0; e, V,, and 
W,, which were zero before 7,’ was ap- 
plied, will take on new values. In the 
development given below, as all quanti- 
ties are increments due to the applica- 
tion of 7’, the primes will be omitted. 
With 7,=0, in equation 1, i=—%. 
Therefore from equations 2 and 3 


Le ml 
in! = —3 + VBS (56) 


Y= 1X0 oad beXo (57) 


If 7 in equations 2 and 3 is replaced by 
WV and V,=0 subtracted from Wy, there 
results 


Vy = 3p (58) 


W, is given by equation 51 in terms of 
i, and ig. The procedure to determine 
1 and ig is to substitute equations 50, 51, 
and 57 in the equation W,=0; then from 
simultaneous solution of the resultant 
equation and equation 56, 74 and 7g in 
terms of 7,’ are obtained. When 7, and 
ig are substituted in equation 51, Vg in 
terms of 2,’ is determined. From equa- 
tion 58, Vy is obtained in terms 7)’; ty’ is 
then replaced by the negative of the fault 
current at the instant phase 06 clears, 
given by equation 55. With VY, known, 
&y=pWVy)=circuit breaker recovery volt- 
age. 

When equations 50, 51, and 57 are sub- 
stituted in VY,=0, equation 3 with 7 re- 
placed by Y, the resultant equation is 


da (x+y cos 20+ V/3y sin 20-+2x9) + 
ialy sin 20+ /3(«—y cos 20)]=0 
(59) 


Simultaneous solution of equations 59 
and 56 gives equations for 7, and ig in 
terms of 7)’. When these equations are 
substituted in equation 51 and the re- 
sultant equation multiplied by V3, Wy is 
obtained. 


—ty' [x* —y?-++ 2x0(% —y cos 26)] 
Y= 


~ (2x-+x%9—y cos 20+ /3y sin 26) (60) 


When 7)’, given by equation 55, re- 
places 7,’ in equation 60, VY, becomes 


Vp 
_*rl[-3(@—y) cos 0+ »/3(« —y+2x0) sin 0] 
2[2x-+-«—y cos 20+ /3y sin 20] 
(61) 


As the assumption is made® that phase 
b clears at current zero, the value of volt- 
age ¢»=pW, at that instant will be de- 
termined. At current zero, the numerator 
of the fraction in equation 44 for fault 
current 7 must be zero. To satisfy this 
condition, the following equations are re- 
quired 
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—3(x—y) cos 6-+ +/3 (x — ye amy tae 0 
(62) 

V3(x—y) 
(x —y-+ 2x9) 


Let WV, in equation 61 be written Y,= 
N/D. Thene,=pV,=(DpN—NpD)/D?. 
To satisfy the condition of equation 62 
at the instant phase b clears, V=0; but 
pN is not zero. Therefore, e,=pN/D at 
the instant phase 6 clears. 


ky 
p= pVy -(%)x 


(3(«—y) sin 0+ +/3(«% —y+2x0) cos 6] 
[2x+«—y cos 20+ +/3y sin 26] 


tan 0= 


(63) 


(64) 


where for current zero, sin 6, cos 9, cos 
20, and sin 20 must have the following 
values determined by equation 63. 


V/3 (x —y) 
V3(x—y)?+(x— +200)? 


2/3 (x —y) (x —y+ 2a) 
3(x—y)*+ (x —y+2x0)? 


sin 0= 


sin 20= 


cos 0= ae natal 
V3(x—y)?+ (x —y +20)? 
(@—y+21r0)?—3(x—y)? 


008 OF 39) ye 


(65) 


When these trigonometric functions are 
substituted in equation 64, the resultant 
equation simplified, and « and y replaced 
by their values in terms of xg” and x,” 
from equation 53, e, is given by the fol- 
lowing equation 


2/3 (xq" +29" %0-tx002) thy 


Aiee " (2xq" +20)? x0(2xq” +0) (xg” + 2x0) 
(66) 


ey 


Equation 66, which gives the voltage 
across the switch terminals at the instant 
phase b clears, checks equation D-28 of 
the reference paper.® 


OPENING A 3-PHASE FAULT TO GROUND 
IN A GROUNDED SYSTEM 


It will be assumed that phase a is the 
first to.clear after d-c and second har- 
monic components of current have dis- 
appeared, The fault current 7, at the in- 
stant phase a clears is k, times the first 
terms of equation 48, with J, replaced by 
E, the line-to-neutral voltage before the 
fault occurs. The current 7,’ to be super- 
posed on existing conditions, therefore, 
is 


—k,E(x—y) cos 0 
as x2—y? 


ta! 


(67) 
As phases b and ¢ remain grounded after 
iq’ is applied, Y,’=V,’=0. If equations 
2 and 3 with 7 replaced by W’, are added 
and then subtracted the following equa- 


ATEE TRANSACTIONS 


tions are obtained 

Y,' =2Y’ (68) 
Vs'=0 (69) 
From equation 1 with 7 replaced by WV’ 
Wa! =V a’ +o’ =3%’ (70) 


As W, was zero before i,’ was applied, 
Y,,’ in equation 70 is the actual flux linkage 
VY, after phase aclears. For convenience, 
the primes will be omitted in the develop- 
ment which follows, but it is understood 
that all values of VW and z are increments 
due to the application of i,’. 

From equations 50-52 and 68-70, the 
following equations are obtained 


—te(x+y cos 26) —igy sin 20=2Y9= —2xy 
—tay sin 20—ig(x —y cos 20) =0 


Simultaneous solution of the preceding 
equations gives 7, in terms of 1; 7g is not 
required, 


‘ _ 2toxolx —y cos 26) 


ten (9%) (71) 
ig’ =ta+t% 

ay 2ioxo(x —y cos 26+-t9(x? — y?) (72) 

ry") 
From equation 72, to in terms of 7,’ is 
pl (2 a2 
a [2xo(x = rae a 
From equations 70, 52, and 73, 
Vg =3W = —3t0%0 
—iq'3x0(x? —y?) (74) 


‘x [2x0(~—y cos 2@)+-x?— y?] 


When 7,’ in equation 74 is replaced by its 
value from equation 67 


3k, Exo(x—y) cos 6 


2” [2xo(e—y cos 26) +x?—y"] (75) 


The assumption is made® that phase a 
clears at current zero. From equations 
48 and 67, this requires that cos 6=0; 
therefore, 0=7/2 or 37/2. After equa- 
tion 75 is differentiated, and then @ re- 
placed by 37/2, eg is given by the follow- 
ing equation at the instant phase a clears 


3x0kr E(x —y) 


a” ~ Qxo(x-++y)-+x2—y? 


When x and y are replaced by their values 
from equation 58, the magnitude of eg, the 
recovery voltage is 


ky Eq (8x0%q") 


€a= wa" (9” + 2x) (76) 


Equation 76 checks equation C-15 of 
reference 6. If @=7/2 instead of 37/2, the 
sign of eg in equation 76 would be nega- 
tive. 
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OPENING A 3-PHASE FauLt (Nor To 
GROUND) IN AN UNGROUNDED SYSTEM 


It will be assumed that phase a clears 
first. Two cases will be considered: (1) 
d-c and second harmonic components of 
currents have disappeared when phase a 
clears, and (2) they have not disappeared. 
The current to be superposed on existing 
condition in either case will be indicated 
by zg’; and WV, in terms of 7,’ will be de- 
termined before substitution is made for 
7g’. All values of VW and 7 used below are 
understood to be changes in V and 7 due 
to the application of 7,’. 

Without a neutral conductor or ground 
return path, 7=0 and Wo=0. There- 
fore, 7g'=7,and,=W,. As phases b and 
c are connected, e,=e,; and with resist- 
ance neglected, ¥,=W,. From equation 
5, with z replaced by V, Yg=0. Simulta- 
tion solution of equations 50 and 51 for 
tq, With ¥g=0 and V,=Wz, gives 


—Wq(x—y cos 6) 


‘2 —7, (x? — y2) (77) 
_ rie et ¥") 
gy (x—y cos 26) (78) 


With Veg=Wo=0, Y= —WV,/2 = —W,/2. 
Then 


3 
| =o) SC 
Suess, =3V__ (3) ( y?) 


2 (x—y cos 26) (79) 


Case 1 

The value of 7,’ to be substituted in 
equation 79 is the same as that given in 
equation 67; and if phase a clears at 
current zero, cos 6=0 and @=7/2 or 
37/2. If equation 67 is substituted for 
iq’ in equation 79, the differentiation per- 
formed, and @ replaced by 32/2 


i on ie (x—y) _(3 Soe 
Coa=PVva -(3 ne -(5)e2e 


(80) 


The equation for this case and that given 
in reference 6 agree. 


Case 2 

The value of 7,’ to be substituted in 
equation 79 is the negative of 7, given by 
equation 48 with appropriate decrement 
factors, and J; replaced by unity. 


[k(x —y) cos @—Rgx cos 0+kayX 
cos (20—6)] 


(x? — +?) 


iq’ = 
(81) 


Equation 81 checks equation B-4 of ref- 
erence 6, when the same notation is used. 
When equation 81 is substituted in equa- 
tion 79, with the last term in the numer- 
ator expanded, Y,, becomes 
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3 [k, (x —y) cos @—kax cos o>4+Ray X 
cos 26 cos #o.+ay sin 20 sin 4] 


Wa= 
7. 2(x —y cos 20) 


[k;(x—y) cos 0+kay sin 20 sin 60] 
x—y cos 20 


ae 
re 
3 
oFe cos 69 


The equation for V,, can be expanded in 
series by equations 100 and 97 where Z is 
given by 94, if x and y replace a and 8, re- 
spectively, in these equations. When x 
and y are then replaced by their value in 
terms of xg” and x,” from equation 53, and 
W,, differentiated, an expression for ép¢, 
the circuit breaker recovery voltage will 
be obtained. 


a= | —BhkrxXq" /(Xq" + via | x 


n=3 
| >> (n—1)Z"? sin @n—9| 
n=1 


n= oo 


+6k, sin 60) nZ" cos 2n6 (82) 


n=l 


where 
(Va —V/xq") 
ZL=—-———— 
V xa" +V xq" 


As in the reference paper, the recovery 
voltage at current zero depends upon 4, 
6 and x,"/xq". Equation 82 should check 
equation B-59 of the reference paper.® 
However, as there are only two series in 
equation 82 and four in equation B-59 in 
addition to five other terms, the agree- 
ment between the two has not been es- 
tablished at the present writing. When 
the development of equation 82 is com- 
pared with that of equation B-59, the ad- 
vantages of a,8,0 components and also of 
the harmonic series of Appendix I are 
apparent. 


Appendix |. Special 
Trigonometric Series 


The following trigonometric functions will 
be expanded in harmonic series. 


AO =~ aap (83) 
i) = (84) 
hi) = (85) 
Os (86) 
Ole teers (87) 
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where a and 0 are scalars, and b<a. 
Consider the following expression, ex- 
panded by long division, 


1/i—Z)=14Z427+ ...Z7+... 
=1+)02" 
n=1 
Let 


Z=Z/¢=Ze'? =Z(cos ¢4+) sin ¢) 
Then 


1 / 
———S | Z/¢)” 
1—Zfeos ¢+7 sin $) +2 ia 


= 1+) 2"(cos no+ 


n=1 


j sin nd) 


Rationalization of the left-hand side, 
and equating real and imaginary terms, 
gives 


Z sin } — 
$$$ = Le st (88 
1—2Z cos ¢+Z? 2 mie : 


n=1 


1—Z cos p 
1—2Z cos ¢+-Z? 


=1+) 2" cos nd (89) 


n=1 


If unity is subtracted from each side of 
equation 89 


Zh cos $— Z* 


127 nea o+Z? Z” cos np (90) 


n=1 


From the addition of equations 89 and 90, 
there results 


1-7 


=o ces GE > 2” co 
1—2Z cos ¢+Z? at. cos nd 


n=1 


(91) 


Equations $8-91 are given by Bromwich;” 
the work which follows is an extension. 
If equation 89 is multiplied by Z* and added 
to equation 90, and both sides of the result- 
ant equation divided by (1—Z7), there 
results 


Zcos¢ EE Yaa) 
1—2Z cos¢+Z? 1—Z2' 1-72 


Z” cosnp (92) 
n=1 


If each side of equation $1 is multiplied 
by (1+2?)/(1—Z?), the resultant equation 


1 1+-72 
NA, meh. 
Sas els 
142) Z” cos np | (93) 
n=l 


Let 22/(1+2Z?) =b/a. Then, Z= 
(a—Va?—b?)/b, where the negative sign 
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before the radical satisfies the condition 
that the series in equation 93 will approach 
unity as b approaches zero, which means 
that Z must be zero when ) is zero. Thus, 


= 2__ 2 
Laer rae Oe 
b—0 b—>0 b 
2__ (q?—p? b 
pp 0 
by b(a+~/a*—b%) bo 20 


If both numerator and denominator of 
the expression for Z are multiplied by 2, 
+b and —b added to the numerator, and 
+aand —a added to the denominator, the 
equation for Z becomes 


a—/at—b* 
pieaareris 
_(a+b)—2V/a2—+ (4-0) 
(a+b) —(a—b) 
_vVatb-Va-d 
— Vat+b4Va—b 


Z 


(94) 


The following equations involving Z will 
be found useful 


2Z b 2aZ 
Sey te Oi 
14+2Z? a b 
ey, ise 3) ye Aides oe 
b 1-—Z? b—aZ 
Z 1 
ee naam OS) 


If ¢ in equation 93 is replaced by 26, and both 
sides of the equation divided by a, the re- 
sultant equations when simplified by sub- 
stitutions from equation 95 becomes 


1 1 
a—b cos 28 ~/a?—b? 


ao 


1+2 ) Z” cos 2nd (96) 


n=1 


Equation 96 expresses equation 83 as a 
series, where Z is given by equation 94. 

If @ in equation 88 is replaced by 26, 
(1+2Z7?) in the denominator of the fraction re- 
placed by its value from equation 95, nu- 
merator and denominator then divided by Z, 
and both sides of the resultant equation 
multiplied by 2, there results 


o 


be os (97) 
=== = sin 
a—b cos 20 
n=1 
Equation 97 expresses equation 84 as a 


series, where Z is given by equation 94. 

When ¢ in equation 92 is replaced by 26, 
and substitutions are made from equations 
94 and 95, the equation becomes 


b cos 26 _a—Va*—}? 2a 
a—b cos 26 — n/a? —b? Ry 


) Z” cos 2nb (98) 
n=1 


Equation 98 expresses equation 85 as a 
series where Z is given by equation 94. 
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The series for equation 86 can be obtained 
by multiplying both sides of equation 96 by - 
sin 6 and simplifying the resultant equation. 


sin 9 1 5 i 
a—b cos 26 /a?—b? 


sin +2 ) Z” cos 2né@ sin @ 


n=1 


= 1 ra 
Spree eee eres 6+ ZX 
Warn sin } 
"f n=1 
sin (2n+1)9— } Z” sin (2n—1)6 


n=1 


1 
ey ern 


sin 9@—Z sin a+ ) Age’ 


n=1 


o 


sin (2n+1)4¢— Z” sin (2n—1)0 


n=2 


1 
———] sind—Z sin6+ 


Vato 


ao 


) Z"—' sin (2n—1)0— 


n=2 


o 


} Z” sin (2n—1)0 


n=2 


ao 


1—Z 


” 4) ae 


Z"—* sin (Qn—1)8 


n=1 


2 : 
a ZG 
a+b+vV a?—b? 


n=1 


sin (2n—1)9 (99) 


The series for equation 87 can be obtained 
by multiplying both sides of equation 96 by 
cos 6. 

The development is analogous to that 
given in equation 99. 


cos Ae 2 
a—b cos 26 a—b+v/a?—} 


o 


) Z"—' cos (2n—1)0@ (100) 


n=1 


Equations 99 and 100 express equations 86 
and 87, respectively, as series where Z is 
given by equation 94. 


References 


1. Prospiems So_tvep BY Mopiriep SYMMETRICAL 
Components, Edith Clarke. General Electric 
Review (Schenectady, N. Y.), November and 


AIEE TRANSACTIONS 


December, 1938, volume 41, numbers 11 and 12, 
pages 488-94 and 545-49. 


2. Two-PHASE CO-ORDINATES OF A THREE-PHASE 
Circuit, Edward W. Kimbark. AJEE Transac- 
tions, volume 58, 1939, pages 894-910. 


3. Circuit Anatysts or A-C Power Systems, 
Edith Clarke. John Wiley and Sons, New York, 
N. Y., volume 1, chapter X, 1943. 


4. DEFINITION OF AN IDEAL SYNCHRONOUS Ma- 
CHINE AND FORMULA FOR THE ARMATURE FLUX 


\\ 


LinkaGEs, R. H. Park. General Electric Review 
(Schenectady, N. Y.), volume 31, June 1928, pages 
332-34, 


5. Two Reaction THEORY OF SYNCHRONOUS Ma- 
CHINES—GENERALIZED METHOD OF ANALYSIS— 
Part 1, R. H. Park. AJEE Transactions, volume 
48, July 1929, pages 716-30. 


6. CrrcuIT BREAKER RECOVERY VOLTAGES, 
R. H. Park, W. F. Skeats. AJEE Transactions, 
volume 50, March 1931, pages 204-39. 


7. Crreuir ANALysIs or A-C Power SySTEMS, 


Edith Clarke. John Wiley and Sons, New York, 
N. Y., volume II, 1950. 


8. AMERICAN STANDARD DEFINITIONS OF ELEC- 
TRICAL TERMS, AIEE, 1942. 


9. SyNcHRONOUS MACHINES IV—SINGLE PHASE 
Crrecuits, R. E. Doherty, C. A. Nickle. AIEE 
Transactions, volume 47, April 1928, pages 457-92. 


10. THEORY oF INFINITE SERIES, T. J. I’a. Brom- 
wich. Macmillan and Company, Limited, London, 
England, 1942, 


Discussion 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill.): It has not been 
recognized until a few years ago that Clarke 
components are very useful in many unbal- 
anced 3-phase problems, and this paper 
indicates clearly some of the distinct ad- 
vantages of Clarke components. The com- 
plex operator a, so significant in symmetri- 
cal components sometimes introduces com- 
plications. Since the unbalances of great 
practical importance are the short circuit of 
“one phase”’ alone or “‘between two phases,”’ 
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which are “‘single axis’’ unbalances, they 
may be studied by replacing the 3-phase 
machine by a 2-phase machine. Dreyfus 
(1911, 1912, 1916), Biermanns (1915), 
Rudenberg (1925) made valuable investi- 
gations along these lines in Europe some 
time ago and a close relation to the treat- 
ment with Clarke components should not 
be surprising. See also reference 1. 

In some cases, especially in connection 
with the application of the network an- 
alyzer, symmetrical components can not be 
used whereas Clarke components provide a 
basis for the solution. One such example 
concerns the study of transients in power 
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systems? by means of the transient an- 
alyzer when single-phase circuits are used 
to reproduce 3-phase phenomena.* 
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A High-Speed Telemetering System 
With Automatic Calibration 


W. E. PHILLIPS 


MEMBER AIEE 


Synopsis: This paper describes a high- 
speed telemetering system which uses fre- 
quency asa translating means. Equipment 
for two different frequency bands of 20 to 
25 cycles and 80 to 100 cycles has been 
developed. The system is electronic and the 
lag between a change in the primary 
quantity to a change in the receiver is less 
than 0.4 second. The system is independent 
of the wave shape and amplitude of the 
signal over extremely wide limits. Means 
are provided for automatic calibration at 
frequent intervals which compensate for 
changes in vacuum tubes and other circuit 
elements. 


HE USE of a variable frequency as a 

translating means for a telemetering 
system was proposed as early as 1917.} 
This early system, which was installed on 
the Chicago, Milwaukee and St. Paul 
Railway, used motor generator sets to 
generate the variable frequency for tele- 
metering. The advent of the vacuum 
tube makes such a system cumbersome 
when judged by present-day standards, 
however, at the time of its installation it 
was a real achievement. 

Since the date of the above installation 
numerous commercial telemetering sys- 
tems using frequency as a means of trans- 
lation have been developed. The ap- 
plication of these systems has not been 
general because the need for high-speed 
carrier current telemetering was not so 
acute as at present and also the charac- 
teristics of the telemetering systems were 
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not well suited to carrier current. The 
recent requirement of higher telemetering 
speeds has resulted in new developments 
in this field and this paper describes a 
high-speed telemetering system de- 
veloped to fulfill the present day require- 
ments of electrical power systems. 


Idealized Telemetering System 


Before discussing the telemetering 
system which is the subject of this paper, 
it would be well to outline some of the 
characteristics of a more or less idealized 
frequency telemetering system. The 
characteristics of such a system would 
be: 


1. The frequency band should be as nar- 
row as possible in order that it takes the 
minimum possible space in the carrier fre- 
quency spectrum, also certain types of 
power line carrier equipment require that 
the frequency change be very small. The 
same requirement must be met on the sub- 
multiplexing of microwave transmission. 


2. The frequency used should be low. It 
should be noted that the use of a very low 
frequency will be disadvantageous from the 
standpoint of telemetering speed and modu- 
lation on certain carrier channels. 


3. The telemetering receiver should be 
independent of harmonics and extraneous 
frequencies which may be present in the 
received signal. 


4. The telemetering receiver. should be 
independent of the amplitude of the re- 
ceived signal over extremely wide limits. 


5. There should be no error due to tempera- 
ture variations. 


6. There should be no error due to aging of 
components. 


7. The system should be instantaneous in 
response. 


8. The accuracy should be within the 
generally accepted limits for telemetering 
systems applicable to carrier current trans- 
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mission and should be sustained over 


periods of many months. 


9. The system should be independent of 
power supply variations. 


Basic Concepts 


The primary objective in this develop- 
ment was to provide a high-speed tele- 
metering system in which the initial 
movement of the receiving recorder oc- 
curs within 0.5 second or less after the 
change in primary load. It should be 
noted that it is not the purpose of this 
paper to prove the need for a high-speed 
telemetering system. It will suffice 
merely to state at this point that it has 
been found, that for those applications 
which require fast changes in generation 
for the automatic control of load and 
frequency, this high-speed telemetering 
will make possible improved control with 
a reduction in the maneuvering of gen- 
erator loads. 

Frequency was selected as a translat- 
ing means for a high-speed telemetering 
system for the following reasons: 


1. Frequency can be transmitted long 
distances without losing any of its intel- 
ligence due to high attenuation. 


2. Frequency may be transmitted con- 
tinuously and thus it constitutes a medium 
for a continuous telemetering system. 


8. Frequency lends itself ideally to being 
varied instantly to a value proportional to a 
varying measured quantity. 


In the development of this telemetering 
system particular attention was given to 
insure that it was suitable for application 
to carrier frequency and microwave chan- 
nels. 


Telemetering Transmitter 


The equipment at the transmitting end 
consists of a primary element, thermal 
converter,”? a Speedomax recorder,* and 
a phase shift type of oscillator. 

The thermal converter is connected to 
the current and potential transformers 
and produces a d-c potential, propor- 
tional to a-c power, which is recorded 
potentiometrically by the Speedomax re- 
corder. The recorder, which is cali- 
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Figure 1. Schematic diagram of oscillator frequency 


determining network 


brated in primary power, has a retrans- 
mitting slidewire, the resistance of which 
is varied in accordance with the recorder 
reading. This slidewire is connected in a 
phase-shift oscillator circuit in such a 
manner that a variation in slidewire re- 
sistance causes a change in the oscillator 
frequency. 

All of these things have been amply 
described previously, however, since we 
are particularly interested in the variable 
frequency oscillator circuit and the 
method of varying it, a review of this cir- 
cuit will be helpful. This oscillator and 
its control circuit are shown schematically 
in Figure 1. 

The frequency determining network 
consists of R, Ri, C,and Ci. This network 
has the property that the voltage FE 
(Figure 1) will be in phase with the volt- 
age E at only one frequency. This fre- 
quency is determined from the following 
relation 


1 
MERI CC, 


2 


(1) 


where 
W =2rf. 


As shown in Figure 1, there are two 
stages of amplification, Vi and V2, be- 
tween the grid of V; and its feedback 
circuit from the output of V2, Thus there 
is 360 degree phase shift, 180 degrees in 
each tube, in the feedback circuit exclu- 
sive of any phase shift in the frequency 
determining network. Since to maintain 
oscillation, the feedback must be in 
phase with the original signal this means 
there must be zero phase shift in the net- 
work consisting of R, Ri, C, and Ci. 

“For oscillation, the frequency will be 
‘automatically maintained at a value 
which keeps this phase shift at zero. 
Tf R and R; are changed, the frequency 
instantly varies to a new value which will 
satisfy the relation in equation 1. 

The capacitors and resistors in the 
frequency determining network are ex- 
tremely stable and have low temperature 
coefficients so that the over-all tempera- 
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ture coefficient of the oscillator frequency 
output is 0.003 per cent per degree 
Fahrenheit. The frequency of the oscil- 
lator is not dependent on normal changes 
in tube characteristics since if the tube is 
operating the phase shift between the 
grid and plate circuit voltages is 180 de- 
grees. 

Tests conducted over a period of 
several months show the oscillator drift 
to be 0.05 per cent. 

In the case of the telemetering system, 
resistors R and Ri, Figure 1, are mounted 
on the shaft of the recorder and their 
value changes with the recorder reading 
as noted previously. For each recorder 
position there is a definite value of fre- 
quency. Thus for each value of primary 
load there is established a definite fre- 
quency. Oscillators having ranges of 20 
to 25 cycles or 80 to 100 cycles are used. 
As will be explained later both of these 
frequencies may be used simultaneously 
as two tones on a multitone carrier chan- 
nel. 


Telemetering Receiver 


The receiving end of the telemetering 
system consists of an electronic converter 
which produces a d-c voltage proportional 
tofrequency, and a Speedomax potentiom- 
eter recorder which is connected to the 
output of the electronic converter. 

The electronic converter, shown sche- 
matically in Figure 2, consists of a filter, 
an amplifier section, a frequency doubler 
section—this is used only for the 20-25 
cycle range, a limiter section, a differen- 
tiating section, a rectifier section, and a 
d-c power supply. 


Filter 


The filter for the 20-25 cycle converter 
is of the low-loss type and consists of 2 
Constant K low pass sections and one 
shunt M derived section. The loss at 
operating frequencies is less than 6 deci- 
bels and the attenuation at frequencies 
of 60 cycles or above is 60 decibels or 
greater. 
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Figure 2. Block diagram of frequency converter 


showing 
wave shapes at several stages 


The filter for the 80-100 cycle converter 
consists of 21/, Constant K band pass 
sections. The loss at operating frequen- 
cies is less than 6 decibels and the attenua- 
tion at 60 cycles and below and at 150 
cycles and above is greater than 60 dec- 
ibels. . 

The wave forms shown in Figure 2 in- 
dicate graphically the elimination of har- 
monics by the filter. 


Frequency Doubler Section 


As indicated previously, the frequency 
doubler section is used only on the 20-to- 
25 cycle range. The reason for this 
doubling is that with frequencies of low 
values, a high-speed recorder needs ad- 
ditional filtering in order that it does not 
tend to follow the cyclic variations in the 
final output current. Any additional 
filtering added because of the use of a low 
frequency will increase the time lag of the 
telemetering system. 

The frequency doubler section consists 
of a phase inverter stage the output of 
which is fed in push-pull to the grids of a 
twin triode. The twin triode is connected 
as a cathode follower so that the resultant 
cathode current is of double frequency. 


Limiter Section 


The limiter section consists of three 
pentode stages; the first two stages serve 
to give identical limiting to both the 
positive and negative half waves of the 
signal voltage. Sharp cutoff tubes are 
used which give a square wave when the 
grids go negative, however, there is some 
rounding of the wave shape when the 
grids draw grid current on the positive 
half wave. After passing through the 
first two limiters, the wave shape is re- 
shaped to a form roughly resembling a 
sine wave and this modified wave form is 
applied to the grid of the third limiter 
stage. The reshaping circuit in combina- 
tion with the third limiter stage produce 
essentially a square wave shown in Figure 
2, which is constant in amplitude and 
wave shape for a wide range of input 
signals. 
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Differentiator Section 


This section, as the name indicates, 
differentiates the square waves derived 
from the limiter section. The differen- 
tiator circuit is conventional in design and 
consists of a capacitor of small capacitance 
in series with a comparatively low re- 
sistance. Thus the impedance is deter- 
mined primarily by the capacitor. 

Due to the low time constant of the 
circuit and the fact that the reactance of 
the capacitor is small for the very high 
rates of change experienced with square 
current will flow, through the 
capacitor only at a time when the square 
wave is changing sharply. 


waves, 


A true derivative of the square waves, 
which are shown in Figure 2 at the input 
to this section, would have a vertical am- 
plitude but zero width. This would not 
be satisfactory for the end use which, as 
will be described later, is to integrate the 
positive pulses. After the derivative is 
obtained, the wave is amplified and re 
shaped so as to have some width as shown 
in Figure 2. 


Rectifier Section 


The rectifier section consists of a twin 
diode (6/16) so connected that the positive 


current pulses are 


permitted to flow 
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Schematic diagram of recorder measuring circuit 


MECHANICAL 
CONNECTION 
STANDARDIZING 
FREQUENCY 


through a parallel combination of resist- 
ance and capacity. The voltage across 
this resistance-capacitance network is 
proportional to the average number of 
impulses and it is this voltage which is 
recorded by the potentiometer recorder. 
The negative pulses are short Circuited by 
the other half of the 6//6 so that they do 
not appear in the output. 


D-C Power Supply 


The d-c power supply is electronically 
regulated using a VR-150 tube as a ref- 
erence, ‘The d-c voltage is held within 
1/4 per cent for a change of 95 to 130 
volts in the a-c input. 


Recorder and Calibrating Circuit 


‘The recorder measuring circuit is shown 
schematically in Figure 3. 

The output of the electronic converter 
is opposed to the electromotive force 
set-up by the recorder slidewire circuit so 
that any unbalance will cause the balanc- 
ing motor, by means of its amplifier, to 
move the slidewire until the two poten- 
tials are equal. This is the conventional 
potentiometer method of measuring a 
potential. The slidewire circuit voltage is 
obtained from the d-c power supply which 
supplies the electronic converter, If the 
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Figure 4. Schematic diagram of method employed to standardize 


receiving recorder 


d-c voltage changes it affects both the 
output of the converter and the slidewire 
voltage in the same direction, By the use 
of proper constants in these circuits the 
effects of changing d-c voltage are mini- 
mized. 

As described previously, the electronic 
converter contains vacuum tubes; varia- 
tions in some of these tubes will have an 
effect on the output. This variation in 
tube characteristics is a relatively slow 
process and if some automatic means can 
be provided for checking and compensat- 
ing for these variations at intervals of 
once a week we will have no significant 
changes in the telemetering calibration. 
As a practical matter it is convenient to 
perform this automatic calibration at 45 
minute intervals. 

Figure 4 is a schematic diagram of the 
method used to automatically calibrate 
or standardize the telemetering con- 
verter. Switches A and B are normally 
closed as shown and the recorder balane- 
ing motor is mechanically connected only 
to the recorder slidewire. Thus the eireuit 
functions exactly as described previously 
when measuring the telemetering fre- 
quency. 

As noted in Figure 4 the potential at the 
one end of the recorder slidewire cor- 
responds to the converter output at 80 
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cycles and the other end of the slidewire 
to the output at 100 cycles. If 60 cycles 
were the converter input, its output would 
be a potential which is designated as 60 
cycles at resistor Rj. 

For purposes of explanation, it is as- 
sumed that with an 80-cycle input the 
recorder will balance at the 80-cycle point 
on the slidewire and with a 60 cycle input 
the converter output will equal the poten- 
tial at the 60 cycle point on R;. This re- 
lation, once potentiometrically estab- 
lished, is fixed since the slidewire and the 
coils shown are made of high grade, low 
temperature coefficient resistance wire. 

After a period of operation the con- 
verter output may change due to some 
change in tube characteristics or other 
elements in the converter. If for example 
the output decreases, then it will be low 
by the same percentage at either the 80- 
or 60-cycle frequency. By connecting the 
converter to a known 60-cycle frequency 
we can check the converter calibration in 
the following manner. Referring to 


.- 
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Figure 4, switches A and B are connected 
to the calibrating or standardizing posi- 
tion which is the position opposite to that 
shown in figure. Switch B connects a 
known 60-cycle frequency to the con- 
verter input just after the filter and 
switch A connects one side of the Speedo- 
max recorder amplifier to the 60-cycle 
point on R;. The same recorder mech- 
anism which controls switches A and B 
also controls the mechanical connection 
between the recorder balancing motor and 
the standardizing rheostat. This is 
shown as a double dashed line on Figure 4. 
When switches A and B are thrown to the 
standardizing position, this mechanical 
connection is made. This mechanism has 
been used on potentiometer recorders for 
a great many years. 

If, as assumed, the output of the con- 
verter is low when connected to 60 cycles, 
then to achieve a balance with the 60- 
cycle point on Ry, it will be necessary to 
reduce the potential of the 60-cycle 
point. The unbalance in the recorder 
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Figure 6. Block diagram of equipment at 
transmitting end of telemetering channel 


amplifier will, through the medium of the 
balancing motor, cause the standardizing 
rheostat to decrease its resistance. This 
decrease in résistance shunts more of the 
current out of the slidewire circuit which 
lowers the potential of the 60-cycle point 
and also the recorder slidewire potential. 
When the recorder is returned to its 
normal measuring state, the recorder 
slidewire will again be correctly calibrated 
for 80 to 100 cycles for the conditions ex- 
isting in the converter at this time. 

It should be noted that any change in 
the d-c potential to the slidewire circuit 
as well as changes in the converter will be 
compensated. 

The use of a 60-cycle standardizing 
frequency has just been discussed. This 
may be either system frequency or a 
standard 60-cycle frequency which is now 
quite commonly available in generating 
stations and dispatching centers. When 
a standard frequency is available, there 
is no question of inaccuracy from this 
source. When system frequency is used, 
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it may possibly deviate as much as 1/3 
per cent and it would cause an appreciable 
error if the system frequency were off 
this much at the time of standardization. 
In order to overcome this objection the 
existing station frequency recorder, by 
means of back disk contacts, suspends 
standardizing if the frequency is not 
within +0.05 per cent. This is accom- 
plished by disabling the balancing motor 
during the standardizing period if the fre- 
quency is not within the limits indicated. 

It should be noted that if system fre- 
quency is used without suspension of 
standardizing when the frequency de- 
viates beyond certain limits, the errors in 
calibration will not be cumulative but 
will result only in temporary errors pro- 
portional to the frequency deviation. 

The over-all telemetering system is 
shown in pictorial form on Figure 5. 
Figure 6 shows the transmitting end 
equipment in schematic form and Figure 7 
shows the receiving end equipment also 
in schematic form. It will be interesting 
to compare the performance and charac- 
teristics of this telemetering system with 
those of the idealized telemetering system 
which were outlined earlier. 


Telemetering Frequencies 


The method used for generating and 
measuring the telemetering frequencies 
is extremely flexible and any desired fre- 
quency can be used for the translation 
of readings. The telemetering systems 
which are now installed have made use of 
two different frequencies. Some of the 
present installations use a frequency of 80 
to 100 cycles and the remainder of the in- 
stallations employ a frequency of 20 to 25 
cycles. Other frequencies can be used if 
there is a justifiable need for them. 


Interference Factors 


When operating with a sine wave input 
and the input signal at normal operating 
levels, the receiver is not appreciably af- 
fected by distortion as great as 100 per 
cent. This holds true for frequencies of 
60 cycles and below and 150 cycles and 
above for the 80-100 cycle converter and 
for, frequencies of 60 cycles and greater 
for the 20-25 cycle converter. Normal 
operating level is considered to be in the 
range of | to 10 volts. 


A change from sine wave input to a 
square wave input produces a change in 
the receiver reading of less than 0.5 per 
cent. Square wave distortion as deter- 
mined by Mark and Space relations may 
be as great as 60 per cent without ap- 
preciable effect on the record. 

The frequency selectivity of the re- 
ceivers is such that the 20 to 25 cycle and 
the 80 to 100 cycle receivers can be oper- 
ated in parallel over the same circuit 
without cross interference. 


Signal Level Variations 


Changes in the steady state signal level 
of 34 decibel (50 to 1) will cause a shift in 
the receiver record of approximately 0.2 
percent. Instantaneous changes in signal 
level of 50 per cent cause a momentary 
deviation of 0.5 per cent in the receiver 
reading. * 


Temperature Effects 


The temperature coefficient of the oscil- 
lator (transmitter) output frequency is 
0.003 per cent per degree Fahrenheit. 
The temperature coefficient of the tele- 
metering receiver is 0.016 per cent per 
degree Fahrenheit before the receiver is 
standardized at the new temperature. 
After standardization this error is reduced 
to 0.004 per cent per degree Fahrenheit. 


Effects of Tube Variations 


The receiver is independent of wide 
changes in vacuum tube characteristics. 
This is due to the fact that the telemeter- 
ing receiver is periodically standardized. 


Response Time 


The over-all response of the telemeter- 
ing system including the primary element 
is less than 0.4 seconds from the instant of 
a primary load change to a movement of 
the receiving recorder. The time re- 
quired for the initial movement of the re- 
ceiving recorder is extremely important 
in control applications. Early establish- 
ment of the trend will produce improved 
control. 

The over-all response time of the tele- 
metering system is less than 2 seconds to 
90 per cent of the final reading and less 
than 3 seconds to 99 per cent of the final 
reading. 
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The over-all accuracy of the telemeter- 
ing system including the primary element 
is 1.75 per cent of the full scale reading 
and the factory checking accuracy is 0.9 
per cent of the full scale reading. This 
accuracy will be maintained many months 
without adjustment of the calibrating 
dials. 


Accuracies 


Power Supply Variation Effects 


The telemetering equipment is inde- 
pendent of power supply changes between 
105 and 125 volts and operates satisfac- 
torily over the limits of 100 to 135 volts. 
Either instantaneous or slow changes in 
this voltage supply, within these limits, 
will have little effect on the receiver. 


Conclusion 


A comparison of the performance data 
of this telemetering system with the 
characteristics outlined for an idealized 
system shows that the latter has been 
closely approached. The ability of the 
telemetering system to operate with sus- 
tained accuracy over a wide variety of 
carrier channels has been demonstrated 
by installations over a period of more than 
two years. One installation on the 
Tennessee Valley Authority system trans- 
mits the telemetered load for a distance of 
500 miles and employs three different 
types of carrier current circuits in trav- 
ersing this distance. 

This installation has also permitted 
practical demonstration of the fact that 
the over-all response of the telemetering 
system is comparable to that of an indi- 
cating wattmeter. 
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Discussion 


Perry A. Borden (The Bristol Company, 
Waterbury, Conn.): In its classification of 
telemetering systems, the Standard Defini- 
tions of Electrical Terms! includes two 
categories, ‘Frequency’? telemeters and 
“Impulse” telemeters. The latter group 
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has been further divided into impulse- 
counting, impulse-duration, and impulse- 
frequency, types, this distinction having 
been recognized in the AIEE Report on 
Telemetering? and in other more or less 
authoritative writings. At the time these 
classifications were promulgated (1932) it 
was tacitly assumed that the currents or 
voltages utilized in a frequency system 
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would be substantially sinusoidal in form, 
while the electrical pulses used in an impulse 
system, though idealized as square waves, 
might have almost any conformation, even _ 
to being of alternating polarity, so long as 
they intermittently attained a zero value. 
Another somewhat hazy distinction lay in 
the former system having a frequency 
sufficiently high (say, over 16 cycles) to be 
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predominantly governed by the laws of 
transmission in a-c circuits, while the latter, 
whose frequency might range down to zero, 
could be considered as a succession of dis- 
crete electrical impulses. 

Less inhibited by tradition, the radio 
group and the exponents of mobile tele- 
metering do not appear to have burdened 
their terminologies with the foregoing dis- 
tinction; and their term ‘‘pulse-rate”’ 
seems generic to all measurements based on 
the frequency of recurrence of electric im- 
pulses, regardless of symmetry or of wave 
form. The soundness of this reasoning is 
well exemplified in the consideration of Mr. 
Phillips’ paper. The receiving end of the 
system which he describes includes a con- 
verter which produces a d-c voltage pro- 
portional to the frequency of the incoming 
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signal, this voltage being measured in a 
conventional manner. The conversion of 
the a-c signal to a measurable voltage in- 
volves several steps, in which the identity 
of the incoming wave form is completely 
lost. 

Eventually, the rectifier section of 
the receiving network delivers a voltage 
proportional to the average number of 
impulses; and it is this voltage which is 
recorded by the potentiometer. 

The idea of producing a measurable 
potential proportional-to the number-in-a- 
selected-time, or frequency, of a succession 
of electrical pulses is of course not new, and 
has long been recognized as standard prac- 
tice in the so-called ‘impulse-frequency”’ 
systems of telemetering. Now, with its 
definite application in a refined form to a 
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telemetering system in which the trans- 
mitted signals approximate a sine wave, it 
may be said that there no longer exists any 
distinction between the two classes. Thus, 
it appears that such line of demarcation as 
may have existed between frequency sys- 
tems and any of the subclasses of impulse 
systems is becoming most indefinite, and 
that the joint efforts of the several com- 
mittees now collaborating on definitions in 
telemetering should seriously consider such 
grouping as will eliminate the present 
nebulosity in classification. 
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Rapid Transit Developments In Toronto 
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Synopsis: The construction of Canada’s 
first subway is scheduled for completion in 
the City of Toronto by the end of 1953. 
Since there were no standards to be con- 
tinued, full advantage was taken of new 
methods and materials. A brief description 
is given of much of the equipment, particu- 
larly the cars which will be 130 in number 
and of the lightweight Presidents’ Confer- 
ence Committee(PCC) type. 


A Century of Progress 


HEN public transportation com- 

menced in Toronto in 1851 with 
four horse-drawn omnibuses, who could 
have foretold that the next century would 
see the little city of 24,000 become a 
bustling metropolitan area of a million; 
or that public transportation facilities 
would have increased to over 1,000 street 
cars, 600 busses, 85 trolley coaches, 6 
ferry boats, and 1,000 miles of interurban 
motor coach system; or that these 
facilities would still be inadequate, and 
that exactly 100 years after public trans- 
portation began here, the construction of 
Canada’s first subway would be started in 
Toronto, thereby permitting it to join 
the ranks of approximately 15 world 
cities which have this type of mass trans- 
portation, 


Preliminary Planning 


Actual construction of the subway 
commenced in September 1949, with the 
completion scheduled for the latter part 
of 1953 although construction was pre- 
ceded by several years of study and plan- 
ning. 

An unusual opportunity was presented 
in the construction of the subway. Since 
it was entirely new, it was unnecessary to 
conform to any existing standards, and 
free choice was possible in the selection of 
methods and materials. Full advantage 
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was taken of this opportunity and much 
detail study was made of practices exist- 
ing on this Continent and abroad. 


Description of Route and Service 


Many details concerning the project 
have been given in an earlier paper.? 
The 1-way length of the line is 4.56 miles 
and it extends from the Union Station on 
the south, thence along Front Street 
to Yonge Street, then north on Yonge to 
Eglinton Avenue. The southerly por- 
tion, approximately 7,000 feet long, will 
be under city streets, and will be built by 
the cut-and-cover method. North of this 
point the lower cost of property made it 
possible for the line to follow an off- 
street route closely parallel to Yonge 
Street. The off-street route reduced the 
cost, permitted easier grades, and per- 
mitted better transfer arrangement with 
intersecting car and bus lines. The off- 
street portion of the route is partially in 
subway and partially in a depressed open 
cut. The closed portion will be approxi- 
mately two-thirds of the total length, and 
the open portion the remainder. 

The system will be a 2-track line, with 
12 stations to be spaced about 0.4 miles 
apart. Local service on the Yonge 
Street surface route will be provided by 
busses, making connections at each sub- 
way station. Also, at all stations but two, 
connecting rail or bus lines will inter- 
sect the subway, and transfers between 
the surface and the underground systems 
may be made. At the northerly ter- 
minal at Eglinton Avenue and Yonge 
Streets, a radiating network of bus and 
trolley coach lines operating from ten 
loading platforms will serve the sur- 
rounding section of the City and the two 
adjoining suburbs. Wherever possible, 
passenger transfer between surface and 
subway vehicles will be made entirely on 
Commission property to avoid the in- 
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convenience and delay of paper trans- 
fers. 

The maximum capacity of the system 
will be 40,000 passengers per hour in each 
direction. This is between two and three 
times the expected initial loads, and 
should provide liberally for expected ex- 
pansion. The base schedule speed will be 
approximately 18 miles-per-hour with a 
l-way running time of 15 minutes. In 
the rush hours this will be increased to 16 
or 17 minutes. 

Train length and headway will vary 
with the traffic. In the rush hour periods, 
the headways will decrease to two minutes 
and the train length increase to 6, 8, or 
even 10 cars. All details such as the 
power supply, signalling, station plat- 
forms, and car equipment are being de- 
signed for an ultimate operation of 10- 
car trains on 2-minute headways. 


Power Supply 


The propulsion power will be supplied 
at 600 volts direct current from mercury 
are rectifiers located in automatic sta- 
tions. Current collection will be by means 
of an overrunning 150 pound third rail. 
Additional feed cable will not be used as it 
is considered more economical to add in- 
termediate stations at a later date if or 
when the system approaches its ultimate 
carrying capacity. 

A supervisory control system will be 
provided to give remote control of all 
traction power circuit breakers. It also 
will control the ventilating system, and 
will indicate failure of any pump or 
auxiliary power supply. A series of 
emergency alarm boxes will be located in 
the subway and the operation of these 
will automatically cut off the power 
supply in that area and send in an alarm 
to the load dispatcher. A telephone will 
be located beside each box. 


Paper 51-230, recommended by the AIEE Land 
Transportation Committee and approved by the 
AIEE Technical Program Committee for presenta- 
tion at the AIEE Summer General Meeting, 
Toronto, Ont., Canada, June 25-29, 1951. Manu- 
script submitted March 26, 1951; “made available 
for printing May 3, 1951. 


J. G. Inciis is with the Toronto Transportation 
Commission, Toronto, Canada. 


AIEE TRANSACTIONS 


= = 
PYEEN 
DYUNOAS 
COLLEGE 


WELLESLEY 


Fgh ivrow 


LECEND 
emer Svaewar 


(eee RO OLA. Cy 7 


ZA STATION 


+ 030% 


Soe 
+ 0-30 = Fr 56h 


——— 
== tw Mae 
7p Ose% Dowoas | ©7AT/OW 
EEN | STATION 
AING \STAT/ON 
TION 


NICH 
S7ATI0w 


Fluorescent subway lighting will be 
used and 60-cycle energy will be avail- 
able. Lighting intensities will be higher 
than those generally used in subways. 
The proposed intensities are: 


Foot-Candles 


Mezzanine or control areas.......... 7.5 to12.0 
Stairways and escalators............ 10.0 to 12.0 
(DE Ko ) inten a) 2h0 (0) 11 i 7.5 to 12.0 
OOP UR SSS elt A ee 1.0 


A standby battery supply will provide 
instantaneous and automatic emergency 
lighting in case of a power failure. 

Operation of the trains will be reg- 
ulated by a 3-aspect wayside signal 
system, complete with track trip through- 
out and with speed control on the steepest 
down grades. The interlocking plants 
at the terminals will function automati- 
cally, but will have overriding manual 
control. Yard approach signals will be 
semiautomatic, with track occupancy 
indicated automatically but switch move- 
ments controlled manually. The auto- 
matic interlocking features associated 
with each switch and signal will prohibit 
conflicting train movements. 


The Car Equipment 


The car design provides for speed, 
safety, comfort, quietness, appearance, 
and economy. It has been prepared in 
conjunction with the Transit Research 
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Corporation together with interested 
manufacturers and operators, in order to 
take full advantage of the economies in- 
cident to standardization between prop- 
erties and to the use of PCC car equip- 
ment wherever possible. 


A full-size model of a car body was 
made in the Commission’s shops to per- 
mit final decisions on certain matters 
affecting appearance or comfort and 
which could not be settled readily from 
blueprints or calculations, see Figures 3 
and 4. 


Following the two steps just described, 
the final specification was sent out for 
bids in February 1951, but not before a 
preliminary one had been sent to all the 
known major suppliers for their com- 
ments, 

There will be 130 cars, arranged in 65 
2-car units semipermanently connected. 


The two cars in a unit will not be dis- 
| 


Table | 
Length of 2-car unit over drawbar faces. .96'7” 
Length of car over anticlimbers........ 48/1/2” 
Length over bulkheads................ 45’ 
Width Over GOOrssy: wietsys a's sis wept ayavalera 10/4” 
Width over side sheets... ......0.0000s 10’ 
Weight, light—not more than.......... 45,000 Ibs 
Door openings per car side............. 3 
Woo Hee HGs Sig ie ous sche is «poeta sas ele. alee 6/6” 
MNOS WIEN Seok oe. cians x « Rte ae ah ance 45’ 
GOR SD CUE Mise Kea etetteas a: RAMEE coczet Sh arr 15/2” 
Seating CADBCILY Ae cheeks ns, gins f Mi re toyavayere 50 
Floor height above rail (maximum)... .3/9” 
Roof height above rail (maximum)..... ne EA ea! 
ioortorcesi limp saci Mc celciiareia scores Aa bad. a 
Wiheel) dia tae ter ois. evra vey ecclea later) eee sisi ae 28” 
FREAKS SAL SO ae sic ais scree eteiarehaus  <cs08 «.ayets 4/107 /3” 
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Figure 1. Plan and profile of route 


connected except in emergency or on 
overhaul. There will be only one cab in 
each car, and two cars will be connected 
back-to-back so that, for operating pur- 
poses, each unit is the equivalent of a 96- 
foot car with a cab at each end. The ar- 
rangement just described was chosen for 
economy in cost and space. In each car 
the cost of erecting and fitting one cab is 
saved, while there is a reduction in 
coupler expense, and an increase in the 
car body seating space. 

The general dimensions of the car are 
given in Table I. 

Two main objectives in the general ar- 
rangement of the car body were maximum 
comfortable seating capacity and mini- 
mum station stop time. The combina- 
tion of transverse and longitudinal seats 
provides seating for 50, and allows maxi- 
mum freedom of passenger movement. 
The seats themselves were designed 
specially to combine maximum comfort 
in minimum space. They will be up- 
holstered in colorful washable fabric and 
will have rubber cushions and backs. 

The doors are of ample width (45 
inches) for two streams of passengers 
closely spaced. They are on 15-foot 
centers and no passenger is more than 
four adult steps from a seat to a door. 
The expected heavy transfer movement 
at the majority of the stations renders it 
necessary to ensure minimum stop time 
in order to achieve the full benefits of 
rapid transit. 

The door mounting is on the outside of 
the car. This is rather uncommon but 
has the advantages of weight reduction, 
elimination of troublesome door pockets 
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Figure 2. Plan and elevation of car 


and double glazing. The doors will be 
controlled from an operating position in 
an unused motorman’s cab. An interior 
step in each cab, together with a full- 
drop sash on the side will permit the 
guard to view the station platform above 
passengers’ heads. The usual door signal 
lights will be mounted externally on each 
car, as well as one in each cab. 

The lighting will be provided by in- 
candescent fixtures, with one over every 
seat. An intensity of approximately 20 
foot-candles will be provided on the 
reading plane, together with an adequate 


intensity on the ceiling, advertising 


Figure 3: 
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LENGTH OveRrace. ~-96~7" 


Exterior car body mock-up 


SAP UNIT 


and doors to provide high 
In case of a power 
failure, the emergency car body lights will 


cards, aisles 
general illumination. 


at once come on automatically, 

The windows will be of the picture 
type, with the top half movable and on 
the outside. By this arrangement, car 
windows can be closed quickly from the 
outside, preparatory to movement 
through the automatic washer. Iixed 
sash will be set in rubber. All glass 
openings in the car body proper, to- 
gether with those in the doors and cab, 
are shaped and located to enhance the ap- 


pearance and sales appeal of the car, 
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Figure 4, 


Heating and Ventilation 7, 
1 
The main source of heat will be from 
the underfloor resistors used in accelera- 
tion and dynamic braking. An auxiliary 
supply of 20 kw will be used during pre- 
heating and at other times if required, 
Joth types will be under thermostatic 
control and will discharge heat into the 
car through seat pedestal louvres. Fresh 
air will be supplied through a full length 
duct in the ceiling, and this air will be 
heated when necessary, so that it is 
never below 50 degrees Fahrenheit. 
Yach cab will be supplied with a 3-kw 
heater and will have a connection to the 
main car body heat supply. 


Propulsion and Braking Equipment 


The propulsion and braking equipment 
will be of the PCC all-electric type. 
There will be no compressed air on the 
cars. Control of car movement will be 
hand-operated by means of a combined 
motor and braking controller. ‘The con- 
troller handle will have the usual dead 
man feature with a foot pedal whieh will 
nullify this feature during braking only. 

Acceleration and braking will both be 
automatic, An innovation in lightweight 
rapid transit equipment will be the use of 
a load weighing device by which the rates 
of acceleration and braking will be uni- 
form, regardless of load, On level track, 
the maximum rate of acceleration will be 
2.3 miles per hour per second, The 
corresponding maximum rate of service 
braking will be 2.8 miles per hour per 
second, By adopting this device, the 
worked closer to their 
vapacity without danger of 

1 Toronto, the combina- 
tion of grade, load, car weight, and 
length of run, impose greater duty on 
the motors than in any other city where 


motors can be 
maximum 
overloading. 


Interior of car body mock-up 
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PCC equipment has been used or pro- 
posed, thereby making desirable the 
extra protection which has been pro- 
vided. 

The normal braking will be done by 
dynamic means, with a supplementary 
propeller shaft brake to complete the 
cycle and hold the car at rest. Magnetic 
track brakes will be supplied, with their 
use limited to times when emergency 
braking is required, or for an automatic 
substitute if the dynamic brakes should 
fail. At other times the track brake can- 
not be applied except by operating a 
separate controller, in order to minimize 

rail wear. 

: Safety has been given the high priority 
it must have in the design of the equip- 
ment. In addition to the train being 
stopped in the usual manner, it also will 
be stopped automatically if the con- 
troller handle is released, if the train 
passes the raised track trip at a red signal 
light, if the train should break in two, or 
if the “‘stop’’ button should be depressed 
from any cab in a train. 


Discussion 


G. M. Woods (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
appreciation which the Toronto Transporta- 
tion Commission has of the needs of the city 
and its efforts to meet those needs is shown 
by the public’s extensive use of the facilities 
provided. Asis common in many American 
cities, street traffic on Yonge Street had be- 
come very congested and seriously inter- 
fered with the movement of street cars which 
formed the principal means of transporta- 
tion. 

The number of people to be moved 


y 


Trucks 


The trucks will be of PCC type in- 
creased in capacity to care for the car 
weight and service concerned. Each 
truck is designed to carry a center plate 
load of 25,000 pounds at 50 miles-per- 
hour, with an ample factor of safety. 
The truck structure consists essentially of 
rectangular structural framework to 
which the axles, motors, truck bolster and 
track brakes are attached. 

The wheels will be 28 inches in diam- 
eter with the standard American As- 
sociation of Railroad tread and will be of 
the resilient type as on surface PCC cars. 
Provision has been made in the design for 
1!/;-inch bolster adjustment to com- 
pensate for wheel wear. 

The motors will be spring-supported 
longitudinally on the truck frame, and 
drive their corresponding axle through a 
hypoid drive. Motor bearings and truck 
bearings are designed to operate for 
750,000 miles before requiring replace- 
ment. j 
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The trucks have two sets of brakes, the 
magnetic track brakes and the elec- 
trically-operated propeller shaft brakes. 
They also have two third rail shoes per 
truck and a track trip. 


Progress to Date 


Contracts have been let for the con- 
struction of all the subway and open cut 
with the exception of a small section at 
the north end. Many items such as sub- 
station equipment, signals, track, cables, 
fare-collection equipment, have been 
ordered, and the remaining items are 
being ordered as soon as considered 
necessary, Shortages of material, par- 
ticularly steel, are delaying the project 
somewhat, but it is still scheduled for 
completion gn its original date, the end of 
1953. 
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in the foreseeable future warranted the in- 
vestment in a rapid transit system. This 
step is surely more logical than the step 
taken in many other cities, that is, the 
provision of a boulevard or parkway for the 
private automobiles which have only a small 
fraction of the subway's passenger capacity. 

As Mr, Inglis states the engineers had a 
free hand in the construction of the subway 
because it was entirely new. From the 
standpoint of equipment, a car which con- 
formed in general to Transit Research 
Corporation standards was adopted. The 
electric equipment specified is an adaptation 
of the PCC surface car equipment with 
such modifications as called for by the heav- 
ier loads, longer runs and higher speeds of 
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rapid transit service. The use of a load- 
weighing device in both acceleration and 
braking assists in getting the most out of 
the equipment without excessive overload- 
ing. 

The use of off-street and open cut sections 
on the northern portion of the line is es- 
pecially noteworthy, It reduces the ex- 
tremely high cost of subway construction, 
In the United States the East Boston Tnin- 
nel is being extended on a surface private 
right-of-way and Cleveland has well ad- 
vanced plans for a 1S-mile rapid transit line, 
largely on railroad private right-of-way, 
This type of rapid transit affords a means of 
reducing traffic congestion most effectively 
and at minimum cost, 


Electrical Characteristics of a 3-Phase 
Delta Submarine Power Cable Circuit 
Using Earth As One Conductor 
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HE RECENT installation by British 

Columbia Electric Company of a 
3-phase delta-connected submarine power 
cable circuit in which two of the con- 
ductors are single-core cables and the 
third conductor is the ground path, ap- 
pears to be an innovation in submarine 
cable practise. The circuit is laid in the 
Pacific Ocean from the British Columbia 
mainland to an island about three miles 
off shore. The depth of the sea water in 
the channel is about 800 feet. For this 
combination of geographic conditions the 
circuit selected has decided economic ad- 
vantages. It requires only two single- 
conductor cables and yet has a load carry- 
ing capacity equal to that of a 3-conductor 
cable circuit. It requires no joints in the 
submarine cable, a feature of much prac- 
tical value. If one cable should fail, the 
other cable would not be damaged and 
could be used to supply single-phase serv- 
ice to the load. These advantages are 
readily apparent. However, it is not easy 
to determine whether the electrical fea- 
tures of the circuit would be acceptable. 
A complete analysis has been made from 
which it has been found that the electrical 
characteristics are decidedly superior to 
that of either an equivalent 3-conductor 
submarine cable or an open-wire line. 
The magnitude of the currents flowing in 
the sea water and earth are negligible. 
The total copper losses plus sheath losses 
of the circuit are less than would obtain 
for an equivalent 3-conductor submarine 
cable or for a 3-phase open-wire line. 
The average impedance of the circuit is 
lower than that of an equivalent open- 
wire line. The impedances of the in- 
dividual phases are considerably un- 
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balanced but this is not considered to be 
objectionable. 

These economic and electrical features 
do not appear to have been brought out 
previously in American technical litera- 
ture. They are discussed here to draw 
attention to the possibilities of this type of 
cable circuit. The electrical analysis can 
be useful as a guide in considering the 
operating features of such circuits. 


LIMITATIONS OF 3-CONDUCTOR CABLE 


Three-conductor cables have been 
universally used for submarine power 
cable circuits. This type of cable is most 
readily adaptable to shorter distances. 
When the length does not exceed about 
one mile, the cable can be manufactured 
in one piece and shipped on a single reel. 
This provides the most convenient set-up 
for installation, as the reel can be mounted 
on a barge and the cable installed by pay- 
ing it off the reel as the barge is towed 
along. The braking is easily done by 
using a hand-brake acting on the rim of 
the cable reel. When the cable length 
exceeds about a mile, several inconvenient 
limitations are introduced. If the cable is 
to be manufactured in one piece it may be 
necessary to lay it out for shipment on 
two or more flat cars. On arrival at its 
destination, it must be transferred to a 
barge or a cable ship, laying it out in a 
special way to avoid kinking and twisting 
during installation. The extra handling 
at the shipping and destination points re- 
quires a large amount of manual labor 
and adds greatly to the installation cost as 
compared to the cost of installing a single 
reel-length. If the length necessitates 
manufacturing the cable in two or more 


ve 


/} 


re 


pieces, there will be one or more joints in 
the submarine portion of the cable. Most 
operators would prefer to avoid this if 
possible. The presence of joints is not 
only undesirable electrically, but may in- 
troduce several real difficulties in the in- 
stallation procedure. Only one of the 
difficulties will be mentioned here. This 
concerns the braking. It is of great im- 
portance, particularly in deep-water in- 
stallations, to brake the cable accurately 
so that it does not fall slackly to the bot- 
tom in loops which can kink, yet at the 
same time the tension must not exceed 
the tensile strength of the cable assembly. 
There is no type of braking device that 
will permit the smooth passage of a joint 
while maintaining proper tension on the 
cable. The laying of a joint in deep water 
is therefore a tricky procedure which 
should be avoided if possible. 


ADVANTAGES OF SINGLE-CONDUCTOR 

CABLE 

Single-conductor cable, because of its 
smaller physical size and weight, can be 
handled in much longer reel lengths than 
3-conductor cable. Lengths of at least 
three miles can be handled on a single 
reel with no unusual difficulty. This 
compares with a limitation of about one 
mile for 3-conductor cable. Thus for in- 
stallations exceeding one mile in length, 
single-conductor cable becomes quite 
attractive. 

One possibility is the use of single-con- 
ductor cable with grounded sheath re- 
turn, where the load to be served is single 
phase. Special attention is directed to the 
fact that load currents flowing in the 
cable sheath would not raise the cable 
temperature appreciably. Thus they 
would have no effect on the carrying 
capacity. Where 3-phase service is re- 
quired, two single-conductor cables could 
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‘in well with system growth, 
When the load is small it can be served 


be installed and the grounded sheaths 
used for the third conductor. These 
possibilities have both been seriously 
considered in Norway,' although no actual 
installations have been made. In that 
country, a comparatively great part of 
the population lives along the coast. 
The coast is characterized by countless 
deeply indented fiords and numerous off- 
shore islands, The depth of the water is 
usually around 600 to 1,000 feet, although 
many fiords are from 2,000 to 4,000 feet 
deep. The electrification of the coastal 
communities necessitates the use of sub- 
marine cables to the islands. Likewise for 
crossing the fiords, submarine cable is 
indicated as land lines would have to 
follow extremely circuitous routes through 
difficult terrain. The conditions along the 
British Columbia coast are rather similar. 
Thus numerous practical exist 
where the special advantages of single- 
conductor submarine cable merit careful 
consideration, 

As the cost of the single-core cable is 
less than 50 per cent of the 3-core cable 
it is quite possible that projects which 
would otherwise be too expensive, could 
be economically accomplished by the use 
of single conductor cable. The trans- 
former installations at the sending and 
receiving ends would not add to the cost, 
as such transformations would be re- 
quired anyway in most cases, For 3- 
phase circuits, the installed cost of two 
single-conductor cables would always be 
less than that of a 3-conductor cable, if 
the route length is such that no joints are 
required in the single-conductor cable. 
The terminal transformations required 
for the 3-phase 2-cable installation would 
present no economic disadvantage where 
a step-up and step-down bank at either 
end would have been required in any case. 
However, under some circumstances the 
S-phase 2-cable circuit might not be ad- 
vantageous. For example, if it were to 
be used as a link connecting two 15-kv 
systems with multigrounded neutrals, a 
l-to-1 transformation would be required 
at both ends. Such transformations 
would not be required for a 3-conductor 
cable installation. 


There are some points favoring an in- 
Stallation of three single-core cables, 
rather than one 3-conductor cable. The 
reliability of the single-core cable cirenit 
would be much greater, since a failure of 
one cable would not put the circuit out of 
commission, Three-phase service could 
be restored with the two remaining 
cables, using the water as the third con- 
ductor, The single core cable circuit fits 
At first, 


cases 


\ 


—— 
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ISLAND 


Figure 1. 


single phase with one single core cable 
using sheath return, When the load has 
grown to the point where three phase 
service is desirable, it can be taken care 
of by installing a second single core 
cable. If the load develops to the point 
where reliability becomes a prime con- 
sideration, a third single-core cable can be 
installed. At a later stage, the circuit 
capacity can be doubled by adding a 
fourth single-core cable, 


The British Columbia Installation 


Two single-core 12-kv cables were laid 
between West Vancouver and Bowen 
Island? Each cable was 16,300 feet long 
and was made in one length. The cable 
is paper-insulated, lead covered, with wire 
armoring. Conductor size is number 0. 
The armor is composed of 57S aluminum 
alloy. The total weight of each length 
of cable on its special reel was 26 tons. 
This presented no particular difficulty in 
shipping or handling during the installa- 
tion. The depth of the water in which 
the cable was laid is about S00 feet. The 
sea bottom is sandy and comparatively 
flat. 

The usual steel-wire armor was not 
considered desirable for these cables, due 
to the increased sheath losses which it 
would produce. Convincing evidence of 
the excellent resistance of 57.S aluminum 
alloy to salt-water corrosion was pre- 
sented. A Canadian coast patrol boat 
fitted with hull plates of this alloy, has 
had 20 years continuous service in both 
temperate and tropical waters without 
corrosion damage to the hull. The alloy 
armor, being nonmagnetic, does not add 
to the losses and its high conductivity is 
particularly advantageous for carrying 
the current of the grounded phase. 

The circuit is connected to a 4-wire 
star-connected 4-kv line through a star- 
delta 2,300/11,500-volt transformation at 
the supply end. At the load end the cir- 
cuit is connected to one large customer's 
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3-phase load through a 11,500/2,300-volt 
delta-delta transformation. The _ re- 
mainder of the customers are domestic, 
some connected directly to the grounded- 
delta circuit through single-phase, 11,500/ 
115/230-volt transformers and others to 
single-phase 6,900-volt multigrounded 
neutral circuits derived from the grounded- 
delta submarine circuit by 11,500/6,900- 
volt transformations. The sheaths and 
armors of both cables are interconnected 
and solidly grounded. They are metal- 
lically connected to one phase lead of the 
transformer bank at each end. The cir- 
cuit diagram is shown in Figure 1. 


Electrical Characteristics 
of the Circuit 


The best appreciation of the electrical 
characteristics of the 2-cable grounded- 
delta circuit is gained by comparing its 
features one at a time with the equivalent 
characteristic of an ordinary 3-conductor 
circuit. The total circuit losses will be 
compared to the losses of a 3-conductor 
overhead line and also to the losses of a 
submarine circuit consisting of three 
single-conductor cables. The circuit im- 
pedance will be compared in the same 
manner. The magnitude of the currents 
flowing in the ground will be calculated. 
The small magnitude of these currents 
seems to be surprising to many engineers 
with whom the subject has been dis- 
cussed. There seems to be a general mis- 
apprehension that because salt water is a 
comparatively good conductor, the 
ground currents will be large. It will be 
shown that this is not the case. 

In the discussion that follows, the term 
“sround path’? means the combined path 
through salt water and earth is parallel, 
through which the ground currents can 
flow. The analysis of ground currents 
will be approximate but sufficiently ac- 
curate for a practical understanding of the 
performance of the circuit. The ap- 
proximate analysis is easier to follow than 
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the rigorous analysis of the complete cir- 
cuit. All calculations refer to the cables 
installed on the British Columbia circuit. 


SHEATHS AND ARMORS SHORT-CIRCUITED 
But UNGROUNDED 


No serious consideration can be given 
to the idea of operating the circuit with 
the sheaths and armors open-circuited in 
order to eliminate sheath losses. The in- 
duced sheath voltages that would exist 
would be too high to be resisted by the 
jute bedding between the sheath and 
armor and the layer of jute over the 
armor. It is not worth while to calculate 
these induced voltages for the grounded 
delta circuit, due to the complication in- 
troduced by the presence of currents 
flowing in the ground. A sufficiently 
good idea of their magnitude can be more 
easily obtained by evaluating them for a 
circuit of three single-conductor cables 
operating with ordinary electrical con- 
nections, that is, with no grounded phase. 
The values can be readily obtained by a 
published method.’ With a circuit length 
of 16,000 feet and full load current of 300 
amperes, the induced longitudinal voltage 
in the sheath is 481 volts. The induced 
voltage in the armor is 429 volts. The 
voltage difference between the sheath and 
armor is 52 volts. The values for a 2- 
cable grounded-delta circuit would be of 
the same order of magnitude. Even if the 
jute were replaced by a layer of special 
insulating material, the risk of defects de- 
veloping over a long period of service is 
appreciable. These voltages could cause 
severe damage to the sheath or armor by 
burning, if a puncture should develop. 

It is concluded that the sheaths and 
armors should be short circuited by 
thorough grounding at both ends of the 
circuit. In the British Columbia installa- 
tion, this was done by bonding all sheaths 
and armors together at each end and con- 
necting them to two large metallic plates 
buried in the seashore at the lowest low- 
tide mark. The bonded sheaths and 
armors were also metallically connected to 
the grounded phase of the transformer 
bank, which had additiunal grounding 
through driven ground rods. Thus the 
sheaths and armors formed a metallic 
conductor for the grounded phase. 

It is much easier to calculate the cir- 
cuit losses and impedances for the case 
where ground currents are not permitted 
to flow. Accordingly, the first calculation 
will be made for short-circuited sheaths 
and armors which are used as the con- 
ductor of the third phase but are not 
grounded. It will be shown later that if 
the sheaths and armors are grounded, the 
currents which flow in the ground are 
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quite small. Thus the results obtained 
for the case of short-circuited but un- 
grounded sheaths and armors will be ac- 
curate enough for practical purposes, 
though not rigorously correct. 

The calculation of the total losses of the 
circuit, that is, the copper losses plus 
sheath losses plus armor losses, is given 
in Appendix I. The total losses turn out 
to be only 89 per cent of the losses for a 3- 
conductor open-wire line of the same 
copper size. This comes about because 
the resistance of the paralleled sheaths 
and armors, which form one phase of the 
circuit, is less than half that of the copper 
conductor. Thus the J*R losses in this 
phase are much less than they would be if 
the copper conductor were used. 


The magnitude of the total losses is 
very much less than for an ordinary cir- 
cuit of three single-conductor cables with 
short-circuited sheaths and armors. The 
losses for the 3-cable circuit are 132 per 
cent of the losses for a 3-conductor open- 
wire line of the same copper size. ‘The 
calculation is given in Appendix I. 

The impedance of the 2-cable circuit 
with sheaths and armors short circuited 
but ungrounded is calculated in Ap- 
pendix I. The impedances of the two 
phases having the copper conductors are 
about equal and their average is 0.85 
ohm per mile. The impedance of the 
phase consisting of the cable sheaths is 
much lower, only 0.14 ohm per mile. The 
average for the three phases is 0.61 ohm 
per mile. This compares with 0.88 ohm 
per mile for the average impedance of a 3- 
conductor open-wire line of the same 
copper size and spacing. The regulation 
of the 2-cable circuit is, therefore, some- 
what lower than for an equivalent open- 
wire circuit. The inequality of the phase 
impedances would indicate that if voltage 
regulators are required on the circuit, 
the regulators should be single-phase 
units. 

The magnitude of the currents in the 
sheaths of the two cables is of some in- 
terest. Part of the load current flows in 
one sheath and the remainder in the other 
sheath. Besides this, there is a circulating 
current which flows out on one of the 
sheaths and back on the other. Calling I 
the load current, the current in each 
sheath expressed as a percentage of the 
load current, is: 


Cable Number 1 sheath current =(0.87— 
j0.63)I = 108 per cent J 

Cable Number 2 sheath current =(0.138+ 
j0.63)I =64 per cent J 


The sum of the two currents is equal 
to the load current, since the sheath cir- 
cuit is isolated and therefore the vectorial 


sum of the circulating currents in it must 
be zero. / 


SHEATHS AND ARMORS SHORT CIRCUITED 
AND GROUNDED AT BotH ENps 


Connecting the sheath circuit to ground 
at both ends will permit the load current 
I; flowing on the sheaths to divide he- 
tween the sheath path and the ground 
path. The proportion of the curfent 
which will flow in the ground can be ap- 
proximated with sufficient accuracy by 
utilizing the analysis given by Wagner 
and Evans® for the single-phase imped- 
ance of a cable circuit with grounded- 
sheath return. The 2-cable grounded 
delta circuit can be treated as a single- 
phase circuit. Since (4 +J/c)=—TIJy, the 
load current can be thought of as a single- 
phase current flowing out in the two 
copper conductors in parallel and return- 
ing in the sheaths and ground. Thus the 
analysis becomes the same as for the 
single-phase circuit. The calculation is 
given in Appendix II. It turns out that 
the current in the ground will be only 16 
per cent of the phase current. 

This result may seem surprising but is 
entirely consistent with published in- 
formation. Wagner and Evans> have 
demonstrated theoretically that when 
single-phase current flows out on the 
conductors of a cable and returns through 
the lead sheath and ground in parallel, 
practically all of it will return on the 
sheath, if the latter has the low resistance 
which is characteristic of lead sheaths of 
usual dimensions. They also give suffi- 
cient information to show that if the same 
cable were laid in salt water, the majority 
of the current would still return on the 
sheath, although the amount returning in 
the ground path would be somewhat 
larger than before. The author has re- 
ceived from Norway the results of an 
actual test on a submarine cable which 
fully substantiates this conclusion. The 
use of aluminum armor intensifies the 
tendency of the return current to confine 
itself to the sheath path, since the alu- 
minum armor adds considerably to the 
conductivity of the sheath path. 

The calculated value of 16 per cent for 
the current flowing in the ground is higher 
than could actually occur in practise. 
This is because the resistance of the 
grounding plates was ignored in the cal- 
culation. An idea of the effect of resist- 
ance in the grounds at each end of the 
circuit is obtained easily. The imped- 
ance of the ground path is 0.84 ohim per 
mile (see Appendix II) and since the cir- 
cuit is about three miles long, the total 
impedance of the ground path is 2.52 
ohms. If it is assumed that the ground 
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Table | 


Conductor radius, inches... ..... 187 
Insulation thickness, inches 205 
Inner diameter of sheath, inches, ...... 0.800 
Outer diameter of sheath, inches, ...... 1.000 
Thickness of jute over sheath, inches, . 0.157 


Tuner diameter of armor, inches... .. . 1.84 
Outer diameter of armor, inches... ... . 1,870 
Spacing between cables, inches, .S 4 
Mean sheath radius, inches... .. rs 0,450 
Mean armor radius, inches Pa 0.721 
iret Hed Yead sheath at 

20°C, a ftot ace SERRATE RNS 31.7 x 105 
Resistance of wire armor at 

OSS COS SSeS 6.27 x 105 
Paralleled resistance of sheath 

and armor, ohm/foot,........ Rs 5,23 x 10% 
Conductor resistance at TS°C,, 

URERORE CENTS uA K Gav esk Re 12.8 x10" 
Mean radius of equivalent 

Sheath, inches, .............. r 0, 592 
5.8 log S/r, ohm/foot,.........X $50 x 10% 
$.3 log S/re, ohmyfoot........... 08 9.14 x 106 
S.3 log Sire, ohm foot... ........5 fa «= 8 06 K 1055 
3.3 log v/re, ohm/foot. 0.0.0.6... Xe 3.22 8 10 
MCG MOMRPORMPTOOE occas 1.39 x 1058 
RS/(XS.S log 2)... 0. 006566688 M 0.82 
Rs/(N—1. 77 Yow 2)... 055 oN 0.66 
Fall load current per phase, 

eee rena ee t 300 
Length of cirouit, feet... 0... cas 16,000 


Cirenit configuration is fat and untransposed, 


plates have a resistance of 0.5 ohm at 
each end of the circuit, the impedance of 
the ground path becomes 2.81 ohms. 
This will reduce the ground current to 
only 14 per cent instead of 16 per cent, 

It is to be observed that in some single- 
conductor cable circuits with — solid- 
bonded sheaths, a residual induced longi- 
tudinal voltage can exist between the two 
ends of the circuit, This occurs when the 
circuit arrangement is not completely 
symmetrical, as for example in a circuit of 
three single-conductor cables in flat con- 
figuration, The residual voltage referred 
to is an internal generated voltage re- 
sulting from electromagnetic induction, 
Tf the sheaths are grounded at both ends 
of the circuit, the residual induced voltage 
will cause a circulating current to flow 
out on the sheaths and back through the 
ground, In the case of the 2-cable 
grounded-delta circuit, this voltage is 
zero, This can be clearly seen from equa- 
tion 6, Appendix I, which states that the 
voltage between the end bonds of the 


sheath circuit consists of only the voltage 


» 
i 


drop of the load current flowing through 
the resistance of the paralleled sheaths, 
Accordingly there can be no ground cur- 
rent from this source and it does not ap- 
pear in the calculations, 


Conclusions 


The use of single-conductor cables in 
submarine circuits is economically attrac- 
ive in some circumstances and is not 
ectionable from the standpoint of 
trical operation, particularly when the 
e armoring is composed of a non- 
netic metal having high conductivity, 
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It is permissible to use a single-conductor 
cable with grounded sheath return for 
serving single-phase loads. Two single- 
conductor cables connected in delta, with 
the grounded sheaths forming one leg of 
the delta, are permissible for serving 3- 
phase loads, 


Appendix |. Losses, Impedances, 
and Voltages for Ungrounded 
Circuits 


It is desired to obtain the induced sheath 
voltages for a circuit of three single-con- 
ductor cables with open-circuited sheaths; 
and the copper and sheath losses for the 
same circuit when the sheaths are short 
circuited, These data are for comparison 
with similar data for a circuit of two single- 
conductor cables operated as a 3-phase 
delta-connected circuit, the third phase 
consisting of the paralleled sheaths and 
armors of the two cables. The desired 
results can be readily obtained by a pub- 
lished method’ with very little calculation, 


The cable has a Number 0, standard- 
stranded — single-copper conductor, with 


0.205-inch insulation, Q.l-inch lead sheath 
and a single layer of aluminum-alloy armor 
wire having 35 per cent conductivity. There 
is a layer of jute between the lead sheath 
and the armor, To save unnecessary com- 
plication in the calculations dealing with 
short-circuited sheaths, the sheath and 
armor will be replaced by an equivalent 
sheath having the inner diameter of the 
lead sheath, the outer diameter of the wire 
armor and a resistance equal to the paral- 
leled resistances of the lead sheath and the 
wire armor, <As this equivalent sheath has 
substantial thickness, its geometric mean 
radius is not equal to its mean radius. In 
this Appendix the mean sheath radius is 
sufficiently accurate for the problems con- 
sidered and is used throughout. In Ap- 
dendix Il, the geometric mean radius 
(g.m.r.) is more convenient and is used 
throughout, The data required in the 
calculations are given in Table I, 


Three-Cable Circuit: Induced Voltages 
in Open-Circuited Sheath and Armor 


From Table ITT, reference 3, Cable Ar- 
rangement Number IV, equation 1 or 8, 
the induced voltage in the lead sheath of 
each outer cable for full load of 800 am- 
peres on the 16,000 foot circuit is 


E =300X 16,000 Xj0.5((—Xs+5.3 log 2)+ 
FV 8CXo+5.8 log 2)] =481 volts 


Similarly for the armor, using Vy instead of 
Ny, the induced voltage is Hy =429 volts. 
The voltage difference between sheath and 
armor is (2) — Ba) = 52 volts. 


Three-Cable Circuit: Impedance to 
Neutral When Sheaths and Armors 
Are Open Circuited 


The impedance to neutral when the 
sheaths and armors are open circuited is the 
same as for an open-wire line, Although the 
circuit is untransposed, the average im- 
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Figure 2. Analytical diagram of 2 cable 
circuit 


pedance of the three phases is the most 
convenient value to use im comparisons 
with other impedances which will be calcu- 
lated later. This is the same as the imped- 
ance of a transposed line and thus can be 
obtained from published tables. Using the 
tables given in reference 4, the average 
impedance to neutral per phase is 


Z=0.88 ohm per mile 


Three-Cable Circuit: Total Losses 
when Sheaths Are Short Circuited 


The sheath and armor are replaced by 
the equivalent sheath described earlier. 
Reference 8, Table III, equation 9, gives 
the total sheath losses in the form of a ratio, 
W,/PRs. To get the total sheath losses 
as a percentage of the total copper losses, 


this is multiplied by /2Rs/38PR.. We then 
have 
W,/8.PRe= Ws/PRs PRs /38PRe- 
3U N®+-2 
PRs, 3(M*+- N®+2) =0.32 


“3PRe 2M?+1)(N+1) 


Thus the sheath losses are 32 per cent of the 
copper losses and the total circuit losses 
are 132 per cent of the copper losses alone. 


Two-Cable Circuit: Sheaths Short- 
Circuited but Not Grounded 


Figure 2 represents diagramatically the 
2-cable circuit. The sheath and armor are 
combined into the equivalent sheath de- 
seribed earlier. The left-hand cable has 
A-phase current /4 flowing in the conductor. 
The sheath has an induced current J; 
flowing in it and a voltage drop E, along it. 
Similarly the right-hand cable has a con- 
ductor current J,, an induced sheath cur- 
rent Jy and a voltage drop A). The B-phase 
current flows in the two sheaths in parallel, 
and is divided between them in the ratio 
KTp in the left-hand sheath and (1—K)Iz 
in the right-hand sheath. Let the B-phase 
current be chosen as the reference vector 
and let “a” be the usual operator indicating 
a phase shift of 120 degrees. 

Then 


Ig=aly; Ip=a°lp; Iatintic=0 (1) 


Since the sheaths are bonded at both 
ends but not grounded, the vector sum of 
all circulating sheath currents is zero. 
Also, the voltage drop in one sheath is 
equal to the voltage drop in the other. This 
drop is not zero and will be called the 
residual voltage Ex. Expressing the fore- 
going in the form of equations 


K+h=0; E.=F,=Ep (2) 
The total current in the sheath of the left- 
hand cable is (i+KJy). Call this Js.1. 


1269 


Similarly, for the right-hand cable, the total 
sheath current is [b+(1—K)Ip]. Call 
this Iso. 


Is, = (h+KIz] ; Ts. = [a+(1—K)Iz] (3) 


The equations for the voltage drops in 
the sheaths are derived in the classical 
manner described by H. B. Dwight.6 In 
this derivation, fluxes are integrated out to 
some very large distance ‘‘p”’. The distance 
“bp” need not be defined, since it cancels 
out when the vector sum of all the currents 
in the system is zero, as is the case in the 
present problem. The term ‘In’ means 
natural logarithm. 

The equations for sheath voltage drops 
are: 


E,=Erp=LRst+KIgRs+2jo (n In + 


I, 1n P+KIs In ey ie 
r 5 


In 24 1—-K)n In 2) (4) 
Ry 5 
Fy = Ep=DhRg+(1—K)IpRst 
2jw (u in? +1, in? +KIn in? +1.x 
5 Ss Ss 
peor, In 2 Gk) Tz In 3) (5) 
r r r 


After putting all phase currents in terms of 
Ig as given in equation 1, simplifying, and 
adding equations 4 and 5, there is 


2Er=Ipks 
or 
E, = E, = Ep=IpRs/2 (6) 


Substituting this value into equation 4 and 
solving for the total sheath current, there is 


Ts: /Ip=(Rs/2—a.2jw In s/r)/X 
(Rs +2jw In s/r) (7) 


Similarly for the sheath current of the 
other cable: 


Tso/Ip=1—(Rs/2—a.2jw1n s/r)/X 
(Rs +2jo In s/r) (8) 


The term 2jw In s/r is the same as the 
term ‘‘x’’ listed in Table I, when converted 
from absolute units into practical units. 
Accordingly equations 7 and 8 now can be 
evaluated numerically. They are: 


Tx: = (0.87 —J0.63)Ip = 108% Ip (7) 
Tx. = (0.18+j0.63)Ip =64% Ip (8) 


The vector sum of Js: and Js. is equal to Jz. 

The total losses in the circuit when ex- 
pressed as a percentage of the losses in the 
conductors of a 3-wire circuit of the same 
conductor size, are: 


Wr/3T°Re = (Is:2Re+Ie.*Rs + 212Re)/X 
3I°Re = 1.08°Rs/3Re+ 
0.64°Rs/3Re+2/3=89% (9) 


The impedance of a conductor is the 
voltage drop in it divided by the current 
flowing init. The voltage drop in the cable 
conductor is derived in the same manner 
as for the sheath. It is convenient to ex- 
press the self-reactance in two parts, one 
representing the flux linkages external to the 
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mean sheath radius, and the other repre- 
senting the flux linkages internal to the 
mean sheath radius. The latter will be 
called X, and is X,=2jwI In r/r-e+conduc- 
tor internal reactance, where r¢ is the con- 
ductor radius. The voltage drop in the 
A-phase cable conductor now may be written 


E4g=I4(Ret+jXe)+ Aw (1 In P+1x 
In Ere In ae 5 In *) (10) 
Ss s r 
Similarly for the C-phase conductor 
Ee =1(RAIX.) 4 2jo( In in 241. 


In eth in? + I41n ) (11) 
f r S 


After simplifying, dividing equation 10 
through by J4 and dividing equation 11 
through by J,, there is 


rs 
Za= E4/Ig=RetjXe+2jw In pa/Tat 1) 
(12) 


Ze Buflgm Reb peor aia aT) 
rf 
(13) 


The voltage drops and the currents in 
the sheath circuit have already been 
derived (see equations 6 and 7) and so the 
impedances of the two sheaths may be 
written down at once. They are 


Zs, = Ey /Ts,= (Rs /2)(Rs +27w In s/r)/X 
(Rs/2—aX2jw In s/r) (14) 

Zs = Eo/Is2 = (Rs/2)(Rs +2) Ins/r)/X 
[Rs/2+(1+a)X2jw In s/r] (15) 


The impedance of the two sheaths in 
parallel is determined in the usual way, 
that is, 


Va 
Z,4Ze2 


When this operation is performed it is 
found that 


Z,=Zy=R;/2 


Zs 


(16) 


and this is the B-phase impedance. 

All the numerical quantities necessary for 
evaluating equations 12, 13, and 16 are 
included in Table I. The impedances 
when evaluated are 


Za =(0.855+ 0.174) = 0.872 ohm per mile 


(12) 
Z_,=(0.750+ 70.350) = 0.824 ohm per mile 

(13) 
Zz =(0.138)=0.188 ohm per mile (16) 


The average impedance =(Z4+Z34+Z¢)/ 
3=0.613 ohm per mile. 


Appendix Il. Ground Currents 
in 2-Cable Grounded-Delta 
Circuit 


Let the load current on the grounded 
phase be Jz and let Jz be the reference 


vector in the calculations. Since (J4+J¢)= 
—TIg, the circuit can be thought of/as a 
single-phase circuit, in which the load cur- 
rent flows out in the two copper conductors 
in parallel and returns in the sheath and 
ground in parallel. Wagner and Evans® 
have given the analysis for such a circuit. 
Following Wagner and Evans, the im- 
pedance of the sheath branch of the ground- 
return circuit is 


Zs = Rs /2=0.138 ohm per mile 
The impedance of the ground branch is 


Z, =0.095+ 70.279 log De/g.m.r. sheaths 
=0.095+ 70.833 = 0.84 ohm per mile 


In the above, D, is taken as 280 feet 
(3,360 inches) as given by Wagner and 
Evans’ for submarine cable in deep salt 
water. The g.m.r. of one sheath is 0.508 
inch. The g.m.r. of the two sheaths in 
parallel at 24-inch spacing is 3.52 inches. 
In the analysis of the complete circuit 
given by Wagner and Evans, the impedance 
of the conductor branch of the circuit also 
is evaluated. This does not concern us in 
the present problem, as we are interested 
only in determining the relative magni- 
tudes of the currents flowing in the sheath 
and ground respectively. 

The current in the grounded phase will 
divide between the sheath path and the 
ground path in inverse proportion to the 
impedances of the two paths. 


I, /Ts = Zs/Zq =0.138/(0.095+-70.833 ) 
=(0.019 —70.164) = 0.164 


The total current 7, in the grounded phase 
is the sum of the currents in the sheath path 
and the ground path. 


Ip=Is4+Iq =Is+(0.019 —j0.164)Js 
= (1.019 —j0.164)7; =1.03Js 


The proportion of Ig which will flow in the 
ground is 


Iy/Tp = 0.16415 /1.03Ls = 0.16 


The proportion of Jz which will flow in the 
sheaths is 


T;/Tp=1/1.03=0.97 


Thus the current in the sheaths remains 
practically the same, whether the sheaths 
are grounded or not. The only significant 
change due to grounding the sheaths is 
that a current will flow in the ground which 
will be about 90 degrees out of phase with 
the current in the sheaths and which will 
have a magnitude of about 16 per cent of the 
total current of the grounded phase. 

It was stated in the text of the paper 
that the analysis for the circuit with 
ungrounded sheaths could be used without 
serious error for the circuit with grounded 
sheaths. It will now be evident that this 
is the case. The grounding of the sheaths 
makes practically no change in the currents 
flowing in the copper conductors and in the 
sheaths. The only new factor introduced is 
the current in the ground. This is of quite 
small magnitude compared to the phase cur- 
rents and is separated by a very large ef- 
fective distance (280 feet) from the cables. 
Consequently it could make only negligible 
alteration in the numerical results obtained 
in Appendix 1. 
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EARTH AND SEA WATER RETURN PATH 


Discussion 


J. S. Williams (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): An 
interesting extension of the author’s cal- 
culation was to determine return currents 
in each sheath and in each armor. This in- 
volved consideration of self- and mutual- 
impedances, as indicated in Figure 1 of 
this discussion. The equations relating 
these are taken from Figure 2 and are listed 
below: 


B4=l1 Zot ¢ZactlpZaptlyZagtlZar+ 


IsZas 
gl eZet Tp Lept IeZeqt li Zer+ 
IsZcs 
ee Ie Zen tl ppt) Zpq tle lort 
Oya 
Zep tl pZ ng +I pZe+ Ie Zor} 
InAs 


O=L4Zar +leZertlyZortl Zar +127 +1sZrs 
O=L4Zas +IcZes +IpZ ps +1,Z qs +1,Zr3+ 
I3Z5 


Figure 2 
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ARMOR , 


ea 
q qo 
Bee ea za, 8 
(= =] 2 


SHEATH , 


| ARMOR, 
SHEATH, 


Figure 1 (above) 


Figure 3 (right) 


I¢ 


Each self- and mutual-impedance was evalu- 
ated with regard for the return path in earth 
and sea-water, based on a supposition that 
the equivalent return path was 280 feet 
distant from the cable: 


LT mes Xe 
Za—Ze =rat"4i( Xat~2) =2.26+ 


73.69 ohms 
fee 8 Xp 
DE ARAL 6s oS Ses =5.36+ 
j8.26 ohms 
Vera. Xe 
Zq=Zs="qte ti cane =1.29+ 
73.09 ohms 


© CONDUCTOR A 


© CONDUCTOR GC 
| 


J SHEATH | 


ARMOR , 


SHE ATH 


ARMOR 5 
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Zac =Zar =Zas =Zep =Zeq =Z pr =Zps =Lo = 
te PB Xe ° 
Las ae +j “3 tm =0.289+71.82 ohms 


Ye 


S 


Xe 
+f 3 a) =0.289+ 
j3.28 ohms 


oy 
=0.289+ 73.11 ohms 


© HEC 
Le ea ~Xu) 


The calculated currents are tabulated be- 
low and also sketched in vector form in 
Figure 3: 


Phase “A” conductor. ..[4=1.0/120° 
Phase ‘“‘C”’ conductor... J¢=1.0/240° 


Sheath on conductor 
COUNT Mer ees 5.5 Ran t1-= 02178 (/—24.5° 
Armor on conductor ei, 
SAO Rae Ee 2 _ Is =0.869/—34.7° 
Sheath on conductor 


PC NINES ac Ty =0.181/93.1° 


Armor on _ conductor 


ga Onc oral ee a eae I,=0.594/81.9° 
Ground return.........J7=0.155/—73.5° 


These results appear to match the author’s 
conclusions quite closely. 

Because the determination of earth return 
currents is dependent to some extent upon 
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generalized earth impedance constants, it is 
perhaps realistic to ask whether the con- 
stants chosen as appropriate for this situa- 
tion could be confirmed by any sort of test 
measurements. Possibly during some sched- 
uled test period a single-phase 60-cycle 
test voltage could be applied between one 
conductor and ground at one terminal, 
with the same conductor connected solidly 
to ground at the remote end. Accurate 
evaluation of the results of such a test 
would likely require consideration of the 
conductor-to-sheath capacitance of the 
cable. 


L. I. Komives (The Detroit Edison Com- 
pany, Detroit, Mich.): Mr. Wollaston cer- 
tainly gave us plenty of food for thought on 
how to get a less expensive submarine in- 
stallation which can readily be enlarged 
without undue cost. As with all untried 
ideas, some questions are bound to be 
raised in the minds of other engineers. 

1. Would a-c electrolysis be a serious 
thread for such an installation in view of the 
large amount of stray currents involved? 

2. Mr. Wollaston says that the addition 
of a third cable would not add to the cur- 
rent-carrying capacity of the installation, 
but would be more reliable than the 2-cable 
installations. Is this literally true, inas- 
much as the two cables would have to be 
insulated to ground for the phase-to-phase 
voltage, and adding a third cable with simi- 
lar insulation thickness would enable the 
system to be operated Y-connected at a volt- 
age 1.73 times higher than the first installa- 
tion voltage. 

3. Could this be applied in a land instead 


1272 


ne 


Table | i" 


dt 


Complete Solution Approximate Solution 
1. Ground current cccc ever cui temapene oe mateie ants +(0:.08 —)j0015) Liss. tere oe (0.04 — j0.15) Ie 
Total current in grounded sheaths and 
armors of both cables together..........+.+++ (0.97 + 0.17) 18... Cicwey a (0.96 + j0.16) IB 
3. Sum of sheath and armor currents in one 
cable: A phase cable....i0. cleans se aceme (0.89 — j0.56) Ip.......... (0.87 — j0.63) Ip 
C phase.eable: oc ivcicn are aac so reuse (0.08 + j0.73) IB...... «++-(0.13 + j0.63) IB 


of submarine installation? 

The answer to this question is probably 
“No’’ because of interference with other 
underground structures; however, at lower 
voltages than those mentioned by Mr. Wol- 
laston, this may be feasible. If such a land 
installation would undergo a cable failure, 
would that present dangers to persons near 
by? 


F. O. Wollaston: I am impressed by 
Williams’ achievement in obtaining a solu- 
tion for the return currents in each sheath 
and each armor for the grounded delta 
circuit. Early in my investigations I 
concluded that it would not be possible to 
determine the sheath and armor currents 
separately. One is indebted to Mr. Wil- 
liams for pointing out the method of solu- 
tion and for having carried through this very 
laborious piece of work. Our results agree 
nicely. This is illustrated in Table I of this 
discussion where Williams’ results have been 
put in the vector notation used in the paper 
and are labelled ‘‘complete solution” and 
my results, ‘‘approximate solution.” 

My results listed in Item 3 of the table 


are for the sheaths and armors bonded to- 
gether but not grounded, whereas Williams’ 
results are for grounded sheaths and armors. 
The two sets of results do not differ very 


much, which confirms the statement made 


in the paper that the sheath currents are 
closely similar whether the sheaths are 
grounded or not. 

Mr. Komives raises some interesting 
points. In the matter of a-c electrolysis, 
I am not aware that the existence of this 
phenomenon has been conclusively demon- 
strated. The amount of stray ground cur- 
rent on the circuit described in the paper 
would be about 50 amperes at full load. 
In my opinion this should not result in 
electrolytic corrosion of the armor but I do 
not know of any reliable information on the 
subject. Mr. Komives is correct in his 
statement under Point 2. However, by 
going to the Y-connection to get the in- 
creased carrying capacity, one sacrifices the 
possibility of restoring service quickly if a 
failure occurs on one of the cables. The 
possibility of using the grounded delta cir- 
cuit for land lines seems to me to be ruled 
out because of probable interference with 
communication lines. 


: 
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F-3 Lead Alloy Cable Sheath—Effect 
of Bending and Creep on Life 


L. F. HICKERNELL 


FELLOW AIEE 


INCE its commercial introduction in 
1945,1 F-3 alloy has been tested on a 
continuing basis in order to evaluate it, 
comparatively, as a power cable sheathing 
material. The principal causes of power 
cable sheath failures in service are fatigue- 
cracking due to slow bending of the cable 
in manholes or at duct mouths caused by 
expansion and contraction incident to 
daily load cycles; and gradual expansion 
(creep) of the sheath due to static in- 
ternal pressure caused by differences in 
elevation along the cable run and/or the 
“ratcheting” effect due to thermal ex- 
pansion, particularly when oil-filled joints 
or terminals are used. Therefore, to be of 
value, accelerated laboratory tests should 
be designed to measure the resistance of 
the sheathing material, in actual cable 
sheath form, to these two principal causes 
of failure. This has been accomplished 
by: 
1. A cable slow-bending test, using a test 


specimen comprising an 87-inch length of 
commercially produced paper-lead cable. 


2. A cable-sheath creep test, using a test 
specimen comprising a 15-inch length of 
commercially produced cable sheath, 


In addition, as a relatively quick test 
of ductility, stress fracture (high-internal- 
pressure burst) tests also were made. 

A description of these test procedures 
and equipment, test data, analyses of the 
data, and their application to practice are 
presented herein. These further sub- 
stantiate the previously indicated ad- 


Paper 51-234, recommended by the AIEE Insu- 
lated Conductors Committee and approved by the 
AIEE Technical Program Committee for pres- 
entation at the AIEE Summer General Meeting, 
Toronto, Ont., Canada, June 25-29, 1951. Manu- 
seript submitted March 21, 1951; made available 
for printing May 7, 1951. 
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vantages of F-3 alloy as a power-cable 
sheathing material.':*4 


Cable Constructions 


Table I shows the cable core construc- 
tions. Various sheaths were applied over 
these cores to obtain samples for test. 
Table II shows the sheath constructions 
tested. 


Cable Slow-Bending Tests 


Other investigators*5® have used the 
so-called ‘dummy manhole’ test to 
evaluate slow-bending characteristics of 
cable sheaths, However, this test re- 
quires a relatively long test specimen with 
a complete cable joint installed at the mid- 
point. The cable slow-bending test as 
used by the authors, while not directly 
comparable to the “dummy manhole’’ 
test, evaluates cable sheaths in the same 
comparative manner. In addition, it is a 
simpler test to set up and operate, re- 
quires a relatively short test specimen 
(87 versus 240- to 300-inches; hence, 
more tests can be made with the same 
total length of cable), and does not in- 
troduce the additional variables due to in- 
stallation of cable joints and are-proofing, 


BENDING TEST SPECIMEN os 


Figure 1 shows in outline the s7-thek 
straightened specimen prepared for catile 


bending test. Cracks in the sheath were 


detected by loss of air pressure in the lead- 
sleeve reservoir. For double-lead sheaths, 
the outer sheath was cut back at the res- 
ervoir and both sheaths sealed together 
at that point and at the pulling eye. The 
specimens were then bent uniformly over 
a 42-inch radius form with the flat side of 
the pulling eye in the plane of curvature. 

In bending a 2.40-inch diameter cable, 
the lead sheath permanently stretched 
2.75 per cent on the outside, and com- 
pressed 2.75 per cent on the inside of the 
bend. 


BENDING Test EQUIPMENT 


Figure 2 shows the cable-bending test 
equipment. With the cross-head at 
center position, the pulling eye was at- 
tached to it by a bearing pin. After 
checking for proper curvature, the other 
end of the specimen was clamped between 
fitted wood blocks in a swivel frame. A 
free-sliding wood block supported the 
specimen near the middle of the curva- 
ture. The original curvature of the speci- 
men was increased and decreased alter- 
nately by the reciprocating motion of the 
cross-head along the chord of the are, A 
pressure relay soldered to the reservoir 
energized the driving-motor circuit at 5 
pounds and de-energized it at 2 pounds 
pressure. A specimen was considered to 
have failed when it would not hold pres- 
sure overnight (15 hours). 


BENDING STRAIN 


Figure 3 shows the dial gauge with an 
S-inch span used for strain measurement, 
Strain readings were taken along the outer 
curvature of the specimen during the 
initial stages of test. The gatige measured 
the maximum and minimum deviation 


‘from, straightness during one bending 
ably for v 

mt ont yet 
; Figuie a" Specimen for cable-bending test 


WIPED JOINT 
OPEN CABLE END 
LEAD SLEEVE AIR RESERVOIR 
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Table |. Cable Core Constructions Table Il. Sheath Constructions 
Conductor Cable Sheath 
Core Sheath Cable Tensile 
Size Shape Paper Core Sample Designa- Thickness, Diameter, Strength, 
Cable Core No. Awg Thickness, Diameter, Number tion Mils Inches Psi 
Designation Condrs. Mcm Mils Type Binder Inches 
= F-3 Alloy 
AG ROC LPO Meee CUS aa Ane Shae ceo O0.0 2038) se meee CBeShitnnrest Metalinc ven. «0 2.00 69085 cc as ( tC 146...xee S02 sega 2,692 
Bo 2B tee PEC TES SOO makes cen PSS igt oma SAD eres GB =Shiveenscs Metal.........2.69 GOLA eecer UB Wnareais 140. nce e028 fen 2,702 
(COG OGoOn Sieecanicate ede SOO Kenia SS Famiteys OAD) Riowarenete CB-SDeniesiss CB Papetmcuse 2.69 GEGZ non ctere BS isccuererats NY tec BBB. cane 2,702 
Dis MO Sarcetnits HOO eres SS item aeres UGO Wigner C@BShVayincee CB Papers. cor: 2.12 WOOO ans on TE aratenars 105s Gane S248 c eve — 
) a Wied re gecedce ak $00. wa cieys Sehr erativerarelais SOS Bon snvavats SB- SHV nisieete CB) Paper ei... 3.03 Wt eicee ache Dy Aare 99-103*.. 3.50..... +“ 
1 RA Sediment gate SOO Me eters cs Ar eyes cc CB-Shicwcewass CB Papetiinec: 2.11 7894. « wimnas iors etete rs ee AG 2.64..... 2,901 
Gineeetmiierss OShintenision SOO FPA a tee CSiihene see PANU Smomoos CB-SByy ce etes< CB Paper isan. 2.47 TS9G. cing (Oe Sout 75-82*... 2.89..... 2,900 
Hi Sa Wena DOO see sivias Ree eiecepeaters ra 240) cide cco (ONES AS ap gcmeceo eee crbawienn 1.27 TOO tsa Me ite (eRe Sone 266.0. 0a DOO) ae 2,774 
Er sinidiakelajeteters Soret BOO cat he! CSeiciets 150 x01 50 seer DI ot SOCORRO OE Tisch Ue OS Cour 2.11 COGOwentieie But 5 8... scan Be Cietacaee 3,016. 
Dice 2. Oe SPB AES SOO sntacshts Sshiesoc odd 190"). ees CB-Shincsunnies CB Paper...... 2.29 7400. cstetet Rarities 75-57*,.. 2.46..... 3,000 
K.. a Wie en et Ven ecm eye R 2405 reese QBaShe ess saree vaae tele entateree 1.42 T4028 ces Dy riakectets 427 vee cae 2.425 oe. 2,864 
1 OR oT Sate SOO rates CS B20) sce state CB-Sh-GF..... Metaly.cmncrcrenrc 2.41 TAOE sone Disead suave 85.cnee 2.80... 3,018 
iW Seana aa Sica arene OU Sis ie cus he NS tae tetene a tals U7O eee CB=SDi dn. see CB Papers..:- 2.60 C40 One ce Digs sie 8b anaae vTas 0 ae 2,957 
Nira stestreite Sencrbeactee 500s. cake OS Ganemioon DAO iievevare CB-Sh-GF..... CBpPapertaecn. 2.41 CAA reine at eee 126558 PSS: ane 2,809 
Opnedtenietes Gia, bic he arin AQO irre CSS ai taas Uke ® SRG T AINA Beltedix ie: Novae: diester numrere ls eieeners 1.62 yk ae oie 4 Whirsk sae 180408 AR eee 2,971 
Piiueieiercterete Setters SOON sacclecs (os Reade ce 2D) interne CBShtamentast< Metals yacirctcs.< 2.67 S140) ieee « Eb ramine scare 1LO3**, cd sO8ice ae on 
Oneretih exe Sore ee ve DOO Worn ate bSSs Bares oes eI LSORs Ae CB-SBkis weirs ae Metal......... 2.18 SL AZ veleicn Mets oral oc 113 ene — 
IR Sot Ga ace 2 HOO 2 pects CSS grants ZA omomearer (OU: 2S) Wgeigponter. ccna addict 2.35 SEA ect NY ere 14 inte 2. 89 Srna 3,102 
Sipcncsheeiees (ot Barrie ee costs HOO. aera Os he eres ere ats oc CB iSh weit CB Paper... 2.05 8526...... DER crete L25ueeer DAZ Siac 3,040 
lofie, ig oon 2 4/0 schon Sshomenor 218 x218..... Belted rere, src: ctout Pejattis capes sane 2.30 SORL nie oe Utes 25) oe PBR oY lm ee 2,615 
Viccutate ninra cpiehteuseeecrane a SOO oworeas cs <DOGe Menlaie Shitecursceser Al-Paper....... 2.07 S65S%%). er Wittnmecise 87 4.caee BAG ra. 2,819 
WW GooGotios Dreher. 5002 cracte is CS VD: vchevate ier: CBeShncentsicrs CB Papar...;.-/.. 2.18 86805 cs. CO AAR eH 90.32.58 Pet Ge, _ 
S68IRi2... Oe artes 87-88*....2.66..... — 
Legend SS =standard sector R=round (concentric) GF = gas-filled RESO EI coe io) ie a oe 96... ‘2 ome 3,077 
CS=compact sector CB=carbon black Al=aluminum foil 8700. 208: a oh eeeneasl 1993) oe ee) ee 2,718 
C Sg=compact segmental Sh = shielded *=dry paper 9186 corres Weaken. 125... jsp 2eaO dee 2,607 
9275...... 1 ey ieee 133% ean 2.60.1 ean 3,058 
Copper-Lead 
COBO cate Ebr aicpae 144...... Si BSinenn = 
F; A a tes rane OPED ema Oe cinters ot eas 
cycle from which the corresponding bend- the largest strain along the curvature of ae err Ghee Se avi me le Sonn 
ing radii were calculated: the specimen was plotted. For com- oe Reports S ween 80 ee ae Ae. 2.208 
8 #H parison, the theoretical strain was cal- 7403 Gene Dee 129-25 2.39..... 2200 
i= ate —r culated from the above formula having Sis sen 4 o Bens es nae 3 ae ep a 
determined Rmin and Rmax from geometry. S651) - Minertaes: 125 acne 2.56.....2,077 
where The largest measured strains usually were 


R=radius of curvature of cable axis 
r=radius of cable 

=!1/, diameter of cable 
H=reading of gauge 


The strain produced by one test cycle was 
computed from: 


r r 
€= _ 
Rmax Rmin 
where 
e=strain 


Rmax = Maximum radius of curvature 
Rain = Minimum radius of curvature 


Figure 4 shows the measured strain 
versus movement obtained on various 
cable constructions. For any one cycle, 


Figure 2 (below), Cable-bending test equipment 


Figure 3 (right), 
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Gauge used for determining strain 


a little greater than theoretical because 
the cables seldom bent uniformly. 


LIFE VERSUS CABLE DIAMETER AND 
MovEMENT 


Figure 5 shows that for a given move- 
ment and material, the larger the cable 
diameter, the shorter is the sheath life. 
In general, the life of 7-3 alloy sheath is 
three or more times that of copper-lead. 


LIFE VERSUS STRAIN 


Figure 6 is the data in Figure 5 re- 
plotted to show the effect of strain on 
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* Double sheath; reinforced with two 5-mil copper 
tapes, each intercalated with an 8-mil paper tape. 


** Fluted sheath; dimension shown is to bottom 
of flute. Flutes, 75-mil deep x 100-mil wide; 
teeth, 125-mil wide. 


sheath life. Depending upon the value of 
strain, F-3 alloy sheath has two and one- 
half to five times the life of copper-lead. 
From these data, it is indicated that ma- 
terial and strain are the controlling factors 
in sheath life. 

For a given cable, the data indicate 
that sheath life approaches infinity at 
some low strain (below 0.1 per cent), and 
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“p analyzed by cable constructions, also in- 
dicates that at usual operating strains, 3- 
w conductor shielded cable with carbon- 
201200 black paper binder has somewhat longer 
rs sheath life than belted cable. 
° 2 
e 
@ 40,000 DIAMETER INCREASE VERSUS LIFE 
ss At relatively high strains, the sheaths 
SG wrinkled and increased in diameter, and 
. 30,000 appeared to fail more from this cause than 
* ; from bending fatigue. At very high 
strains, the increase in diameter was the 
controlling factor, and accounted prob- 
Beso ably for the life approaching the low con- 
stant value shown in Figure 7. 
Figure 8 shows the relation between 
10 ,000 diameter increase at failure and sheath 
life. These data were obtained on many 
different cable constructions with stand- 
0 ard sheath thickness of both copper-lead 
and F-3 alloy. For any given increase in 
diameter, the life was independent of the 
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sheath material tested. 
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Figure 9 illustrates this point. Sheaths Figure 7 (above), 4|ee 
with 1 per cent diameter increase had, Life versus strain 
reir ‘fn 4 
within test accuracy, the same life al 
though the movement (strain) for /’-3 2 
alloy was twice that for copper-lead Hae 8 (right), 
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(strain), the increase in diameter for /’-3 


alloy is considerably smaller than for Figure 9 (below, left), Sheaths after bend- Figure 10 (below), Sheaths alter bending, 
copper-lead and therefore the life of 3 ing, 1 per cent diameter increase 2-inch movement (0.427 per cent strain) 
alloy sheath is significantly greater. 


a , ‘ lop:  Copper-lead—3/4-inch movement lop: Copper-lead—14,6 per cent diometer 
Figure 10 illustrates this observation, (0.143 per cent strain)—17,000 cycles increase 3,349 cycles 
After bending with 2-inch movement, the — Bottom: F-3  alloy—1"/s-inch movement Jottom: F-3 alloy—1.2 per cent diameter 
results were: (0.989 per cent strain)—91,187 cycles increase—13,151 cycles 
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Diameter Increase, Bending Life, 


Material Per Cent Cycles 
‘Copper-lead,........... 14.6 3,349 
SOE GUL A eee Ce 13,151 


EFFECT OF SHEATH CONSTRUCTION 


Figure 11 shows the life obtained with: 
twice standard sheath thickness; two- 


thirds standard sheath thickness; and 
reinforced-double sheaths, each two- 
thirds standard sheath thickness. Re- 


sistance to failure was in this order. 

For reinforced-double sheaths, life was 
comparatively low and erratic. In part, 
this was attributed to noticeable wrinkling 
of both sheaths. In 11 tests on both lead 
and alloy, only two tests showed better, 
and the majority showed less life than a 
single thin-wall sheath. 

For comparable constructions, F-3 al- 
loy maintained its ratio of superiority 
over copper-lead sheath. 


EFFECT OF SHEATH THICKNESS 


Figure 12 shows the life obtained with 
11/,-inch movement on sheaths of varying 
thicknesses. For this strain (movement), 
reducing the thickness to two-thirds 
standard reduces the sheath life one-third 
for F-3 alloy, and one-half for copper- 
lead. 


LIFE VERSUS TESTING SPEED 


Bending data in Figures 4 to 12 were 
obtained on a so-called ‘‘1-minute cycle’ 
(actually 1.06 minutes). Since in service 
no more than a few cycles per day occur, 


Mumm FF -3 ALLOY 
COPPER-LEAD 


Figure 12, 38,000 


Bending life ver- 
sus sheath thick- 
ness, 11/2-inch 
movement (0.25 
to 0.30 per cent 


strain) 


30,000 


20,000 


LIFE - CYCLES TO FAILURE 


10,000 


2,000 
60 60 | 


tests were conducted at slower rates to de- 
termine the relative effect of speed of 
bending. 

Figure 13 shows the relation between 
sheath life and speed of testing. For 
standard thickness, reducing the speed 


Figure 11 (left), 


OO 120 140 160 180 200 220 240 
SHEATH THICKNESS = MIL 


260 


from | to LO minutes per cycle reduces the 
life approximately 50 per cent. Further 
reduction in speed has little or no effect. 
Tentative indications are that, for the 
same material, the effect of speed is less at 
lower strains. More tests are in progress, 
Bending life versus sheath 
construction 
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F-3 ALLOY — 2x STANDARD THICKNESS 
— 2/3 STANDARD THICKNESS 
— REINFORCED DOUBLE SHEATH 
COPPER-LEAD — 2/3 STANDARD THICKNESS 
— REINFORGED DOUBLE SHEATH 
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LIFE — CYCLES TO FAILURE 


Figure 13 (below), 


Bending life versus test- 


ing speed 
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CREEP RATE — PERCENT PER YEAR 
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Figure 14. Creep rate versus hoop stress 


Cable Sheath Creep Tests 


Creep in cable sheaths is defined as the 
deformation (mostly increage in diameter) 
produced by subjecting the sheaths for 
long periods of time to stresses lower than 
the normal yield strength of the metal, 
In service, these stresses are created by 
internal pressures ingide the sheath in oil 
filled and gas-filled cables, and in solid 
type cables by slopes and vertical risers or 
by oil-filled joints, if used. The test data 
were obtained by measuring increase in 
circumference of cable sheaths subjected 
to internal oil pressure, 


Cruiny Test SprcimMuNn AND 
MWASUREMENT 


Creep tests were conducted ag de 
scribed previously.’ The specimens in 
cluded most of the same cable samples 
used for bending tests (see Table 11) and 
were on test from 11/, to 21/4 years, 


Cromy RAT 


Kigure 14 shows the creep rates which 
were obtained by dividing the total ereep 
by the time on test, Reinforced-double 
sheaths (see Table 11) showed no diam. 
eter increase after 2 yearsat 35 pounds 
gauge and 4% degrees centigrade, 


Stress-Fracture (Burst) Tests 


conducted as de- 
Data published in 


Burst tests were 
seribed previously! 
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200 250 300 350 


HOOP STRESS — PSI 


400 


1940 by Bassett and Snyder’ and in 1946 
by the authors! showed that it is charac- 
teristic of many commercial lead and 
alloy sheaths to crack or split with less 
and less diameter increase as the hoop 
stress is reduced from a value approxi- 
mating its normal short-time tensile 
strength to 300 to 400 pounds per square 
inch. At 600 pounds per square inch and 
below, some sheath specimens stretch 
very little before splitting. Annual creep 
rates based on a few thousand hours of 
Jest cannot be applied to estimated 40- 
year service requiring 6 to 6 per cent 
total expansion, if the sheath splits at 1 
to 4 per cent. 

Figure 15 shows the variability in total 
expansion at failure of several sheath ma- 
terials, many of which were less than 4 
per cent, 3 alloy sheath expansions in 
all cases were over 6 per cent. In over 7 
years of test, no /’-3 alloy sheaths have 
burst at stresses of 600 pounds per square 
inch or lower at room temperature. 


Application to Practice 


Application of laboratory data to the 
selection of a sheath suitable for use in 
practical installation and service requires 
consideration of many factors based on 
judgment, experience, and knowledge of 
operating conditions. Among these are; 


1, Required sheath life based on over-all 
economics, 


2, Vintimated load cycle and resultant 
sheath operating temperatures during nor- 
mal and emergency conditions, 
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3. Design of ducts and manholes*in which 
cable is to be installed, 


4. Possibility of wrinkling sheath during 
installation and training of cable in man- 
hole, and expected loss in sheath thickness 
due to scoring and corrosion. 


5. Relation between 1-minute (test) and 
24-hour (operating) bending cycles. 


Considering the difficulty of properly 
weighing these factors in advance, it 
would seem that conservative practice 
should be followed in the selection of 
cable sheaths. 


DmsSIGN FOR BENDING 


For 40-year life at 1 load cycle per day, 
the sheath must withstand a total of 
12,480 cycles (312 cycles per year)* or 
11,000 cycles (275 cycles per year)® de- 
pending upon the duty applicable, Anal- 
ysis of these data, taking into account 
the several variables, confirms the maxi- 
mum permissible value of strain for man- 
hole design suggested by others for 
standard thicknesses; that is, 0.1 per 
cent for copper-lead,*” and 0,25 per cent 
for I’-3 alloy.* 

These values may be used for jacketed 
cables, since jackets increase the bending 
life little, if any. Unaged jackets con- 
tribute to creep resistance but, in general, 
jackets should be considered primarily as 
corrosion and duct-scoring protection. 

For other than standard thicknesses, 
these values must be modified, Figure 
11 in conjunction with Figure 18, may 
be used as a guide for this purpose. 

Reinforeed-double sheath has no better 
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bending resistance than a single sheath of 
the same thickness as the inner sheath; 
its primary value is to resist internal pres- 
sure. Accordingly, a permissible strain 
corresponding to the thickness of inner 
sheath should he selected. 

If appreciably less than 40-year life is 
indicated by over-all economics, then 
diameter increase due to bending instead 
of maxinium permissible value of strain 
becomes the determining factor in sheath 
selection. 

Figure 15 shows that, before bursting, 
several sheaths will stretch 51/2 per cent, 
which is adequate. Thin-wall (two- 
thirds standard) sheaths may not always 
stretch 5 per cent without failing. 

The authors have observed that on 
belted cables both F-3 alloy and copper- 
lead sheaths increased in diameter more 
rapidly than on other cable constructions. 
Also, the F-3 alloy sheaths with com- 
paratively low original hardness increased 
in diameter more rapidly than sheaths 
that were harder. On the other hand, 


Figure 15. Ex- 
pansion of tubes 
at failure 
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MATERIAL AND COMPOSITION | SAMPLE 
PERGENT 


when the alloy sheath was very hard (so 
that it did not form wrinkles) and the 
strain was high, its life in bending was 
relatively poor. It appears that failure by 
increase in diameter is partially dependent 
on hardness (tensile strength), and that 
the optimum tensile strength in this re- 
spect is in the order of 3,000 pounds per 
square inch. 


DESIGN FOR CREEP 


If a 51/9 per cent total expansion is per- 
mitted for 40-year life, the resultant 
creep rate is 0.1375 per cent per year. 
From Figure 14, this rate at 43 degrees 
centigrade is produced by hoop stresses 
as shown below: 


Hoop Stresses at 40C 


Recommended 
By Test, for Design, 
Sheath Material Psi Psi 
CODED WGA st i.a.= cleaves tne RB Giese stake nice 150 
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NO. 
HOOP STRESS 


1402 
2180 
2445 
2746 
2747 
2758 
3427 
3510 
3512 
4027 
4256 
4776 = 
3043 -_— 
2296 
2264 
3218 
4129 
4212 


556 


Ca ) 1228 
1867 
3458 
3642 
49414 
4418 
5375 
5390 
5454 
5644 
5664 
5697 


TESTED AT 696 PSI HOOP STRESS 


(b) NO FAILURE AFTER 3 YEARS AT 1,000 PSI HOOP STRESS 
(c) NO FAILURE AFTER 4 YEARS AT 1,000 PSI HOOP STRESS 
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EXPANSION AT POINT OF FAILURE 


Some grades of lead, antimony alloy, 
and tin alloy will show appreciably greater 
creep rates than for copper-lead shown in 
Figure 14, and such materials should not 
be used for pressure cables. 

New neoprene-hose jackets reduce 
creep substantially. After aging, their 
efficacy is unknown. Reinforced-double 
sheaths have practically no diameter in- 
crease at 300 pounds per square inch and 
43 degrees centigrade. 


Summary 


The extensive tests reported herein 
have provided additional data on cable- 
sheath performance characteristics which 
readily can be applied to design practice 
by published methods.$*° These data 
indicate: « 

1. Bending strain is the important con- 


sideration in determining sheath life of 
expansion loops in manholes. 


2. If bending strains are low (cables of 
small diameter, lightly loaded, or cables in 
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(d) 0.026 Ca, 0.04 Mg, 0.27 Sn 
(e) 0.25 Cd, 0.50 Sb 
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large manholes permitting large training 
radii), copper-lead or thin-wall alloy sheaths 
are satisfactory. 


8. As cable diameter or loading increases, 
other factors being equal, strain increases. 


4, Small expansion loops in restricted man- 
holes increase the strain. 


5. If bending strain exceeds a certain 
value, copper-lead will have a short life, 
and alloy sheaths should be used. 


6. If the maximum permissible strain for 
standard alloy sheath is exceeded, additional 
strain resistance is best obtained by in- 
creased sheath thickness, 


7. If bending strains are too high, the 
sheath increases in diameter, develops 
wrinkles and may fail from expansion rather 
than bending fatigue. 


8. Thin-wall sheaths, in addition to 
lower resistance to bending and internal 
pressure, tend to wrinkle from handling. 
These wrinkles may cause stress concen- 


trations and nonuniform bending resulting 
in short sheath life. 


9. F-3 alloy is further substantiated as a 
superior sheathing material by this exten- 
sion of previously published data, 


In view of: increased cost of labor and 
materials; necessity to obtain the utmost 
from capital investment; possible future 
national emergencies and simultaneous 
critical shortage of materials; and un- 
known factors, it would seem that choice 
of a long-life sheath is well warranted. 
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Discussion 


L. I. Komives (The Detroit Edison Com- 
pany, Detroit, Mich.): The authors state 
in the paper that the motor pressure relay 
operates at five pounds. Calculating this, 
the hoop stress of the specimens amount to 
approximately 50 pounds per square inch. 
The authors recommend the operation of 
copper-lead sheath at 150 pounds per square 
inch and the F-3 alloy sheath at 250 pounds. 
Granted that the recommendations are 
made for creep purposes, the question natu- 
rally arises as to whether such stress at 1/3 
of the hoop stress recommended for copper- 
bearing lead versus 1/5 of the hoop stress 
recommended for the F-3 lead has any 
significance. 

The authors state that unaged jackets 
contributed to creep resistance, but jackets 
should be considered primarily as corrosion 
and duct-scoring protection because the 
effects of aging are unknown. In Detroit 
we have observed no change in rubber hose 
jackets after 15 years of service. When 
removed from the ducts, they look like new. 
We decrease the thickness of our lead sheath 
1/6 from AEIC* thicknesses when we use it 
with neoprene jackets. However, in such 
cases we recommend the use of arsenical 
( F-3 or equivalent) lead sheath. In view of 
the continued contribution of the jacket, 
perhaps this is too conservative. 

The perennial question comes up in con- 
nection with the use of F-3 lead sheath and 
that is the availability of F-3 lead jointing 
sleeves for such lines. It is hoped that such 
sleeves will be available shortly, especially 
if one accepts the validity of the noncontri- 
bution of jacketing to creep resistance. 


John F. Eckel (General Electric Company 
Schenectady, N. Y.): I should like to com- 
ment on two items in the paper by Messrs. 
Hickernell, Jones, and Snyder. The first 
one concerns their repeated bending results 
and the second concerns their creep tests. 


* Association of Edison Illuminating Companies. 
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‘ computed values. 


It has been recognized for some time that 
Moore and Dollins! placed repeated bending 
tests of lead and its alloys on a sound basis 
when they expressed bending movement in 
terms of strain. More recently, the impor- 
tance of the variables strain, temperature and 
frequency have been re-emphasized,”*4 It 
seems that if each of these variables is 
properly controlled and evaluated, regard- 
less of the type of test, good correlation 
should be obtained between each type of 
test. 

The authors of this paper have evidently 
spent more effort in obtaining strain values 
in their work than is apparent from reading 
the paper. Figure 4 of the paper, which I 
presume is a calibration chart, shows a wide 
spread in the measured values and consider- 
able divergence between measured and 
On the other hand, the 
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curves of Figure 6 are of the general form 
expected, I should like to ask whether the 
strain values used in Figure 6 were deter- 
mined by measurement or from Figure 4. 

The data plotted in Figure 8 are very 
interesting and represent a new approach to 
the problem of wrinkling. The formation 
and growth of wrinkles introduce points of 
strain concentration which probably ac- 
counts for the shorter bending life observed 
in badly wrinkled samples. Do the authors 
have any data on the effect of wrinkles on 
strain concentration. 

Although no mention appears to have 
been made of the temperature of the bend- 
ing tests, it is presumed that at least most of 
them were made at ambient temperatures. 
I should like to ask the authors if this as- 
sumption is correct. 

The authors made one statement with 


Figure 1. Influence of frequency on bending 
life of As-Sn-Bi-Pb alloy sheath at 110 degrees 
Fahrenheit and 0.53 per cent strain 
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T cannot agree, It is stated that fre- 
y has little or no effect on bending life 
e rates slower than the 10-minute 

Tn a recent paper*® it was shown that 
inite relationship exists between fre- 
and bending life at 110 degrees 
it in the strain range between 0.27 
1 0.65 per cent, This may be expressed 


e equation 
=log, d— m log f 08) 


i\ 
Tis the bending life in days at fre 
J, in cycles per day, d is the bending 
when f=1 and m is the slope of the 
nt line. This equation was found to 
to acid lead from frequencies between 
and 7,440 cycles per day. Recently, 
s have béen completed on chemical lead, 
on lead, and corroding lead and it was 
that the bending life of each of these 
is was affected by frequency in the 
me manner as that of acid lead, 
We have had running for some time 
| repeated bending tests on samples of 
s-Sn-Bi-Pb alloy cut from cable sheath, 
tests at strains over 0.5 per cent are 
and again equation | expresses the 
ship between bending life and fre. 
ney. Results at 0.59 per cent strain are 
in Figure 1 of this discussion, From 
experiments it seems reasonable to 
e that equation 1 expresses the rela- 
ip between bending life and frequen- 
r lead and its alloys, at least at strains 
e the endurance limit. Furthermore, 
constants 6 and m seem to have valtes 
teristic of each alloy, 
one conclusion, I wish to make a brief 
} nt on the author's creep tests, 

akhough the SR type strain gauges 
are very useful I think we should recognize 
limitations when used for strain 
surements on lead. We have relied 
A them for strain, measurements in our 
ing tests but are aware of a definite 

ing or stiffening effect, ‘This effect 

aititatively demonstrated in a re- 
papers The creep tests made by the 
rs, according to their previous paper® 
; SR-4 strain gauges, IT should 
® to ask if corrections have been made in 
reep data of the authors to compensate 
is restraining effect, 
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nce lL of the paper, 


Halperin and C. BE. Betzer (Com- 
Edison Company, Chicago, Ul): 
of this paper have rendered a 
e service to the users of power 
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cables through their development work on 
arsenical-lead cable sheathing, As was dis- 
cussed in our recent paper on such sheathing, 
such developments permit increased loading 
of the cables and longer life in service, and 
they came at an opportune time when in- 
creased loads and rising costs accentuated 
the need for better sheathing, 

The test results that are presented are 
generally in agreement with our data, 
This discussion is mainly on a few points of 
differences. 

The creep rates shown in the paper are 
lower than those which we obtained on the 
same and similar alloys, Based on those 
rates, the authors recommend a limiting 
hoop stress of 250 pounds per square inch at 
48 degrees centigrade. Perhaps this limit 
would be all right for operation of the 
sheaths at 48 degrees centigrade, However, 
with the increased loadings of underground 
conduits, the ambient temperatures have 
increased considerably since the war, Duet 
temperatures above 45 degrees centigrade 
and sheath temperatures of 55 degrees or 
more have become rather common in 
Chicago, Furthermore, the cable in service 
is subjected to some vibration and move- 
ment which tends to increase the rate of 
ereep above that measured in the laboratory, 
It appears to us that the present accepted 
limit of 175 pounds per square inch may be 
too conservative, and if the limit were in- 
oreased, we would prefer to stop at 200 
pounds per square inch for general applica- 
tion until more experience is obtained, Some 
trials at higher stresses on an experimental 
basis would be helpful, 

Some of the data from our paper! are re- 
produced in Figure 7 from which the authors 
conclude that the life to fracture in bending 
is nearly constant at 500 cycles between 
1.25 and 2.0 per cent strain, Actually, our 
data showed 40 per cent less life at 2.0 per 
cent strain than at 1,25 per cent, However, 
strains of the order of 2 per cent are en- 
countered in service only very rarely in con- 
nection with emergency loading, and then 
for only a few cycles, Thus, they consume 
only a very small part of the life of the 
sheath, 

Figure 5 of the paper shows a decrease in 
life in bending with I-inch movement in 
their tests from about 80,000 eyeles for a 
QHdaineh cable to about 26,000 cycles for a 
884neh cable. Most of our bend tests 
have been made on 12-kv S-conductor cable 
having an over-all diameter of about 24 
inches, Such cable is tested in a dummy 
manhole 10-feet long with 19-inch offset 
between the cable in the duct and the center 
line of the joint, There have been some 
tests of larger cables of several designs, 
including single-conductor cable with 8.15. 
inch diameter and S-conductor cables with 
3.80. to 3.85<inch diameter in a 13-foot 
manhole with 25-inch offset, The results of 
these tests have been about the same for 
these various cables at 1/2 inch movement at 
each duct mouth, With suitable provision 
for expansion in the manholes, the lite of 
the sheath on the large cables should be as 
long as that for the smaller cables, 


REYERENCE 


1, Liab-Antoy Suwaras ror UNDERGROUND 
Powers Canny, Herman Halperin, C. BL Betzer, 
ALBEB Transactions, volume 70, 1951, part T, pages 


. 


Hickernell, Jones, Snyder—F-3 Lead ANoy Cable Sheath 


W. J. Witte (Consolidated Gas, Electric 
Light and Power Company, Baltimore, 
Ma.): The test data presented in this paper 
together with those data previously pub- 
lished by these authors and other investiga- 
tors provide continuing indications that this 
arsenical lead alloy, designated F-3, is in 
many respects superior to copper lead as 
sheathing material for power cable. 

The improved resistance to slow bending 
fatigue, resistance to creep, and resistance to 
burst from high internal pressures which are 
covered specifically in this paper appear to 
be adequately established for the relatively 
short periods of time covered by the labora- 
tory tests and observations of those service 
installations upon which experience data 
have been collected since the commercial 
application of this alloy in 1945. However, 
over the period of the last 30 years other 
lead alloys have produced promising test 
results but after a period in service have 
proved unsatisfactory due to changes in the 
physical characteristics of the alloy. There- 
fore, the user of power cable is interested in 
establishing that this alloy will retain its 
physical properties for periods of time 
approximating the expected life of cables, 

It appears additional experience and 
investigative data may be needed to estab- 
lish whether these attractive fatigue and 
ereep resistant properties are retained for 
periods of approximately 40 years, or will 
this alloy age-harden or selfanneal like so 
many of its predecessors, that is, the anti- 
mony, cadmium-antimony, cadmium-tin, 
and calcium alloys? It appears that addi- 
tional time is necessary to provide suiffi- 
cient conclusive data from which such an 
answer can be obtained, 


L. Meyerhoff (General Cable Corporation, 
Bayonne, N. J.): Several papers have now 
appeared showing the superiority of arsenical 
lead alloy sheaths over copper bearing lead 
sheaths with respect to both bending and 
ereep, The present paper deals with only 
one type of arsenical lead alloy, that desig- 
nated as F-3. No less favorable results have 
however, been obtained with other arsenical 
lead alloys, notably with Gencalloy A, which 
has been produced commercially for several 
years by the compatly with which this dis- 
ousser is associated, 

In stressing the advantages of making 

cable bending tests with their 87-inch long 
samples as compared with the 240. to 300- 
inch samples used in much of the earlier 
work, the authors appear not to be familiar 
with the large amount of work that has been 
done with samples of comparable short 
length, Thus, Halperin and Betzer have 
for long used 96-inch samples on many of 
their tests and we adopted their sample 
and type of procedure some years ago. The 
shorter sample, either 87 or 96 inches, has 
been entirely adequate for studying the 
bending characteristics of the sheath itself, 
which is the authors’ primary concern, 
However, much of the earlier work was done 
to study other matters, such as proper dis- 
posal of joint wipes and proper reinforce- 
ment of the sheath in the vicinity of wipes, 
for which conditions the use of the longer 
sample was required, 

The paper does not make clear whether 
strain measurements were made throughout 
the tests or only at the start for the purpose 
of determining required movements to 
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produce desired strains. Since the geometry 
of a given test specimen undergoes some 
change as the test progresses it may be quite 
important to measure strains throughout the 
test. We have found it very convenient 
for this purpose to use an instrument, 
known as an Aremeter, by which we meas- 
ure the radius of curvature and its change. 

In the description of their test setup the 
authors state that a ‘‘free sliding wood block 
supported the specimen near the middle of 
the curvature.’’ It may be wondered to 
what extent this block may affect free bend- 
ing of the specimen. In the Halperin- 
Betzer sample no such support is used. 

The authors state that “for a given cable, 
the data indicate that sheath life approaches 
mone a low but nearly constant value at 
some high strain (above 1 per cent).” 
Since their data, as given in the paper, do 
not extend beyond 0.45 per cent strain, it is 
difficult to see how they can arrive at sucha 
conclusion. The Halperin-Betzer data cited 
as confirmation of the quoted statement do 
not appear to this discusser to confirm it, 
particularly if all the pertinent data in Hal- 
perin-Betzer’s Figure 1 are taken into ac- 
count rather than only a selected part 
thereof. 

We agree with the authors in their finding 
that where wrinkles are formed during the 
bending test, the life is short compared with 
what might have been expected from other 
tests in which wrinkling did not occur. Are 
we right in understanding that the authors 
attribute the damage that comes about as a 
result of wrinkling to be caused by the in- 
crease in diameter? We ourselves attribute 
the deleterious effects of the wrinkling pri- 
marily to increased concentration of stress, 
which occurs at the base rather than at the 
top of the wrinkle. 

In the absence of wrinkles, we have found 
that the number of cycles to failure is closely 
proportional to sheath thickness, as is shown 
also by the authors’ Figure 12 for the arseni- 
cal alloy. With wrinkles present, however, 
the life can be reasonably expected to go 
down more than in proportion as the thick- 
ness is reduced, since the severity of wrink- 
ling varies inversely with the thickness. 
In this connection it may be stated that a 
tightly applied new jacket on a thin sheath 
will tend to reduce wrinkling and thereby 
improve the bending resistance, but how 
long such superiority can be maintained in 
service remains to be determined. 

Figure 8 of the paper is worthy of some 
study. It may be observed that the data 
shown may very well be represented by two 
straight lines, one covering the range from 
zero to about 0.8 per cent increase in diam- 
eter and the other the range above 0.8 
per cent. Evidently, two different causa- 
tive factors are involved and it is probable 
that in one case it is bending fatigue and in 
the other it is wrinkling. About 80 per cent 
of the arsenical alloy samples are in the 
first group and about 90 per cent of the 
copper lead samples in the second. 

It is shown that a double sheath, with the 
two component sheaths having the same 
thickness, does not have better bending 
resistance than a single sheath of the same 
thickness as one of the component sheaths. 
The authors relate the bending behavior of 
the double sheath to that of the inner sheath. 
Actually, the pertinent component sheath is 
the outer one, since when that fails, its 
primary function is no longer served. As 


an instance in point, we have made cable 
with double sheath, the inner sheath of 
which showed remarkable performance on 
bend test, but, since the outer sheath did 
not stand up any better than if the inner 
sheath had not been there we did not con- 
sider that we had made an effective gain. 
Incidentally, as we understand the authors’ 
description of their preparation of bend 
samples with double sheath, it appears that 
both sheaths must fail before an indication 
of failure is obtained in their test. If this 
understanding is correct, the true bending 
behavior of the double sheath is even less 
favorable than indicated. 

The creep data given are of interest and 
in general show about the same correlation 
between arsenical lead alloy and copper lead 
as has been reported by other observers. 
However, the creep rates shown are mate- 
rially lower for both types of sheath than 
shown by other observers. It is noted that 
the specimens used for this test are pieces of 
sheath only 15 inches long. The question 
may well be raised as to whether the dis- 
position of the ends of the specimens might 
not stiffen them and cause the readings to 
be too low. 


R. W. Atkinson (General Cable Corporation, 
Bayonne, N. J.): I shall confine my com- 
ments largely to conclusions stated by the 
authors, particularly those stated under the 
Summary. 

The authors should state the tempera- 
tures at which the fatigue tests were made. 
Were these made at room temperature? 
Life at temperatures found in operation is 
considerably lower than at room tempera- 
ture, and relative values may be altered. 

The rate of creep found is considerably 
lower for both types of lead than found in 
other laboratories, including tests reported 
by the University of Illinois. Do the authors 
have an explanation for this difference? Is 
it related to the shortness of their test speci- 
men? What assurance have the authors 
that the strain gauges used have not fur- 
nished appreciable support, thus reducing 
creep rate? The scatter of the values for 
creep rate as shown is rather high; the 
values for copper lead and for F-3 actually 
overlap. May this fact help toward an ex- 
planation of the lack of agreement with 
other observers? 

The first four numbered items under the 
Summary are readily accepted without any 
new data. Indeed the paper gives little or 
nothing to add support to these statements. 

If Item (5) is read in the light of Item (6) 
which shows that the alloy sheaths them- 
selves have limitations, it is entirely correct. 

Item (6) says, in part, “that..... addi- 
tional strain resistance is best obtained by 
increased sheath thickness.’”” The best 
procedure—say from the standpoint of 
economics—might be, however, to use some 
means to keep down the strain. 

In Item (7) it appears that the early 
failure of sheaths that accompanies wrin- 
kling during bending is explained on the basis 
of the associated increased sheath diameter. 
In that case one would expect failure at the 
part of the sheath which reaches the largest 
diameter—at the top of the wrinkle or fold. 
Instead failure occurs normally at the small- 
est diameter. One wonders at the apparent 
different viewpoint in Item (7) and that 
indicated in Item (8) which gives an entirely 
different explanation of the failure of the 
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wrinkled sheath and one with which I 
would generally agree. a 

I agree with Item (9) and would add that 
the favorable properties which are shown for 
F-3 lead are also possessed by other arsenic- 
containing alloys. 


L. F. Hickernell, A. A. Jones, and C. J. 
Snyder: None of the discussion questions 
the relative superiority of F-3 alloy as com- 
pared to copper-lead as a cable sheathing 
material. It indicates general agreement 
with the data and results presented in the 
paper, and primarily is directed to details 
of the test methods, to speculation as to the 
mechanism of failure in bending, and to 
correlation of values of creep with other 
laboratories. This is to be expected since 
there are no universally accepted standard 
methods for evaluating the properties under 
investigation, 

Specifically, in reply to the discussers, we 
offer the following: 

( Komives) Our recommendation for the 
maximum hoop stress of 150 pounds per 
square inch for copper-lead and 250 pounds 
per square inch for F-3 alloy sheath is based 
upon allowable creep. No attempt was 
made in the bending tests to include the 
effect of internal pressure. The 5-pounds 
gauge pressure used in the bending tests was 
selected as a means of detecting sheath 
failure solely on the basis of positively oper- 
ating the pressure relays. Since the 5- 
pound indicating pressure results in such a 
low hoop stress (approximately 50 pounds 
per square inch), we doubt that this would 
affect the relative life of copper-lead and 
F-3 alloy sheathed cables in bending. 

The aging of neoprene-hose jackets should 
be correlated with the exposure conditions, 
especially temperature. Possibly the non- 
deterioration of jackets in Detroit is due to 
favorable operating conditions. Hose jack- 
ets, as long as they retain their initial 
physical properties, should contribute to 
creep resistance. However, there are no 
published data showing that they do con- 
tribute to bending resistance for the ex- 
pected normal life of the cable. Until such 
data are available, we prefer to consider 
that the hose jackets are primarily for cor- 
rosion protection. However, since jackets 
do prevent duct scoring of the sheath, we 
believe that 10 to 20 per cent reduction in 
standard thicknesses may be warranted 
economically if F-3 alloy is used. 

Although F-3 alloy joint sleeves have been 
furnished experimentally, present extrusion 
equipment is not adaptable for commercial 
production of heat-treated alloy sleeves in 
large sizes. It is hoped that eventually 
suitable equipment will be available for 
this purpose. 

(Eckel) As indicated in the paper, Figure 
4 of the paper shows the measured strain 
versus movement obtained on various cable 
constructions. This is not a calibration 
curve, but was included to show that cable 
movement and sheath strain are related, 
even though the correlation is affected by 
other variables such as core construction, 
and that strain is to be preferred to move- 
ment as an independent variable. The 
strain values used throughout the paper 
(including Figure 6) were measured values. 

We have no measuréments of the con- 
centration of stress or strain in the wrinkles. 
The formation and growth of wrinkles 


ATEE TRANSACTIONS 


probably are due to variations in strain at 
these points. The mechanism of failure in 
wrinkled sheaths probably is due to pro- 
gressive increase in diameter at the wrinkles 
until the sheath fails. During testing at 
relatively high strains, the tension side of the 
sheath stretched permanently during each 
eyele. During the compression part of the 
bending cycle, little contraction in length 
occurred, therefore the extra length con- 
tributed to increasing the diameter of the 
sheath. 

All ‘bending tests were made at room 
temperature. 

The statement on life versus testing speed 
(frequency) is substantiated by the data in 
Figure 13. Since submitting the paper, 
sample 9275 tested at 10 minutes per cycle 
gave a life to failure of 13,700 cycles. 
Figure 2 of this discussion is an amplification 
of Figure 13 of the paper to include this new 
value. 

Figure 3 of this discussion shows an ab- 
stract of our data compared to that con- 
currently published by Gohn and Ellis! 
for antimony-lead alloy, and by Eckel? for 
acid-lead. For alloy material, the Gohn and 
Ellis data confirm our findings on the effect 
of testing speed even though the testing 
strain was higher (0.40 versus 0.24 per cent). 
For lead, the Eckel data do not appear to 
agree with ours, probably due to his testing 
strip specimens at high strains compared to 
our testing full-size cable constructions at 
strains approximately those normally en- 
countered in service. 

Possibly Eckel’s equation for relating 
frequency and bending life is applicable at 
high strains (above the endurance limit), but 
at the lower, more practical, values of strain 
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(in the order of 0.15 per cent for lead, and 
0.25 per cent for F-3 alloy) our data do not 
support this relationship, but instead do 
indicate that for testing speeds slower than 
10 minutes per cycle there is no significant 
difference in life (cycles) to failure. It will 
be interesting to see the results of Eckel’s 
tests at lower, more comparable, values of 
strain, when they are available. 

The SR-4 strain gauges have a breaking 
strength of less than 1 pound. Careful 
observation of the deformation of the speci- 
mens shows no restraining effect on the small 
portion of the specimen covered. Here 
again the difference in specimen size could 
be important. It is possible that such gauges 
would affect the creep results of small, 
narrow, machined strip specimens as used 
by both Eckel, and Gohn and Ellis without 
in the least affecting the creep data on full- 
size samples of cable sheath. A feather has 
no weight to an elephant, but could be a 
heavy load to an ant! 

( Halperin and Betzer) Figure 4 of this 
discussion shows graphically the derivation 
of the design stresses of 250 pounds per 
square inch for F-3 alloy and 150 pounds 
per: square inch for copper-lead. We feel 
that a limiting creep stress of 200 pounds for 
F-3 alloy is quite conservative, but it is ad- 
mitted that for temperatures appreciably 
above 43 degrees centigrade, some derating 
of the suggested 250-pound limit could be 
considered. However, if F-3 alloy should 
be limited to 200 pounds, it can be shown by 
Figure 4 of this discussion that copper-lead 
similarly should be reduced to about 50 
pounds per square inch. Experience with 
low-pressure gas-filled cable appears to con- 
tradict the necessity of limiting copper-lead 
to such a low value as 50 pounds per square 
inch, therefore, it does not appear realistic 
to limit drastically F-3 alloy. We agree that 
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some trials at higher stresses on an experi- 
mental basis would be helpful. 

The data reproduced in our Figure 7 from 
Halperin-Betzer (Figure 1, reference 3 of 
paper) were copied from the plotted 
data points, and not from the smooth 
curve drawn between them. When thus 
plotted on rectangular, rather than semi- 
logarithmic, co-ordinates, the data do not 
support the discussers’ statement that the 
life at 2 per cent strain is 40 per cent less 
than that at 1.25 per cent strain, but rather 
indicate that the life is essentially the same. 

Figure 5 of this discussion is an ampli- 
fication of Figure 7 of the paper to include 
data from Gohn and Ellis! for antimony- 
lead alloy and copper lead. These data all 
show asymptotic approach to a minimum 
life as strain increases. 

Figure 5 of the paper shows data for 
identical bending configurations; only 
under such conditions is strain proportional 
to movement. For different racking con- 
figurations, the effect of configuration may 
be eliminated by plotting life versus strain 
as in Figure 6. This is another way of say- 
ing that, as a practical matter, on larger 
cables reasonable life can be obtained by 
easing the strain through more generous 
racking (larger manholes and offsets), thus 
reducing the operating strain to a value 
which will yield adequate life. 

(Witte) Test data on nonaging of F-3 
alloy, as measured by determination of 
physical properties, were accumulated over 
a 4-year period prior to the commercial 
introduction of F-3 alloy sheath (see Figure 
1 of reference 1 of paper). At present writ- 
ing, no age hardening or age softening has 
occurred in 10 years. All other alloys used 
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or proposed for power-cable sheathing have 
shown marked changes within the first few 
years. Furthermore, they have other un- 
desirable properties as discussed in reference 
1 of our paper. 

(Meyerhoff) The strain data included in 
the paper are the maximum values recorded 
along the length of the cable sample during 
the first half hour of testing. At the start 
of the investigation, strain measurements 
were made throughout a number of complete 
tests without any significant change being 
found. Therefore, this practice was dis- 
continued for subsequent tests. 

As is evident in Figure 2 of the paper, the 
free-sliding wood block supporting the cable 
specimen near its midpoint is very short. 
No restraint in bending due to this well- 
lubricated block was observable. In actual 
practice, the cable is supported in a similar 
manner, except that the supports may not 
always be free-sliding over a long period of 
time. 

Admittedly, the data presented in our 
paper do not extend beyond 0.45 per cent 
strain. However, if the data points of Hal- 
perin-Betzer and Gohn-Ellis are plotted on 
rectangular (not semilogarithmic) co-ordi- 
nates, our statement that sheath life ap- 
proaches a low but nearly constant value at 
some high strain is substantiated, as shown 
in Figure 5 of this discussion. In each case, 
all of the data points published for the desig- 
nated temperature, were replotted. 

Meyerhoff is correct in his understanding 
that we attribute the deleterious effect of 
wrinkling to be due to increase in diameter 
(see also reply to Eckel). If these effects 
were due to stress concentrations at the 
base of the wrinkles only, all failures would 
occur at these points, which we have not 
found to be the case (see Figure 10). 

We too have found that wrinkling is more 
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pronounced in thin sheaths. The effective- 
ness of a tightly-applied new jacket depends 
on the degree to which the sheath is free of 
wrinkles prior to application of the jacket. 

In reinforced double-sheath construction, 
it is our understanding that the primary 
purpose of the outer sheath is to provide 
protection to the bronze reinforcing tapes 
and the inner sheath. If the outer sheath 
fails first, it would take some time for the 
reinforcing tapes and/or inner sheath to 
fail, hance we have considered that the life 
of the inner sheath is dominant in bending. 
On this basis, the test specimens were pre- 
pared so that failure was not indicated until 
both sheaths had failed. 

Most other investigators have determined 
creep on strips which to prepare require a 
certain amount of cold working of the metal; 
that is, flattening the original round sheath, 
cutting to size, and machining a reduced 
section, Our data were obtained on tubes 
prepared by removing the insulated core 
from the finished cable. We have conducted 
tests on strips and found the results were 
more erratic than with tubes, especially 
during the first 1,000 hours, or so. The 
more erratic results on strips are possibly 
caused by straightening of the strips when 
first placed under load together with a 
variable amount of strain hardening de- 
pending on the grain structure of the indi- 
vidual specimen. Possibly this accounts 
for some investigators’ preference to meas- 
ure creep between 1,000 and 2,000 hours; 
that is, discounting the creep during the 
first 1,000 hours. Accordingly, we prefer to 
evaluate creep rate on the total creep of a 
tube specimen because we believe the results 
are more indicative of the form in which the 
material is both manufactured and used in 
service. We believe that the difference 
between our results and those published by 
others is due more to the form of specimen 
and method of determining creep rate than 
to any problematical stiffening due to end 
fittings, gauges, et cetera. 

(Atkinson) All bend tests were made at 
room temperature. We agree that at higher 
temperatures the life to failure will be 
lower, but we do not agree that the relative 
superiority of F-3 alloy is not maintained. 
This was demonstrated in 1946 by Hal- 
perin’s tests at 43 degrees centigrade (see 
reference 2 of paper). 

In our replies to Eckel and Meyerhoff, 
we already have answered many of Atkin- 
son’s speculations regarding the factors af- 
fecting creep. In Figure 14, one set of 
values for copper-lead (at 540 pounds per 
square inch) is low, however, of the four 
curves in this figure, the largest “‘standard 
error of estimate” is 1.67. By any common 
statistical criterion, this scatter is not 
“rather high,’’ but rather low. 

Item 6 of the summary is directed to the 
problem of increasing the strain resistance 
of the cable sheath under a given set of 
conditions (cable diameter and manhole 
dimensions). Obviously, where practical 
and economical, the manhole should be de- 
signed to limit the strain to a permissible 
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value for the sheath material. 

In our opinion, Items 7 and 8 of the 
summary are not in conflict. Item 7 refers 
to cables which, although initially smooth, 
wrinkle and stretch during cyclic bending 
due to excessively high strain. This is the 
type of failure which is due to increase in 
diameter, as opposed to failure by bending 
fatigue which occurs at more reasonable 
strain. There is no consistency in this type 
of failure; it may occur at the top or bottom 
of the wrinkle, by tearing (expansion) or 
cracking, wherever the strain is greatest 
and the metal weakest. Item 8 refers to 
cables whose bending resistance has been 
lowered by formation of wrinkles due to 
handling prior to cyclic bending. 

Naturally, we are gratified to note that 
the discussor agrees with point 9 of the 
Summary that F-3 alloy is a superior sheath- 
ing material. Our data, of course, are con- 
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fined to F-3 alloy, which is produced by our 
company and its licensees under patents® 
covering composition and manufacturing 
processes, both of which contribute to ob- 
taining the final desirable properties as a 
cable sheathing material. We will be very 
interested to see data published to sub- 
stantiate the claim that other arsenical-lead 
alloys possess the same favorable properties. 
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Cables for Vertical Risers 


W. Ti. PEIRGE 


FELLOW AIEE 


HE subject of terminal risers for 
paper insulated cables has been well 

covered in a paper presented by W. A. 
Del Mar.! There are, however, several 
types of vertical power distribution sys- 
tems, such as for tall buildings, mine 
shafts, and tunnels over 100 feet in height 
which were beyond the scope of his study. 

Several installations of this type were 
made in the early 1930's and the Special 
Purpose Cable Subcommittee* of the 
AIEE Insulated Conductor Committee 
undertook the task of summarizing the 
operating experience on these installations 
and bringing the subject up to date with 
practices employed on more recent de- 
signs. 

The conclusions given are not those of 
the author alone but are a summary of the 
discussion on the subject and data sub- 
mitted by other members of the AIEE 
Insulated Conductor Committee. 

The distinctive feature of a vertical 
riser cable is the need for comprehending 
in the design some method of supporting 
the weight of cable and insulation. Con- 
sequently, our classification is based on 
method of support rather than type of in- 
sulation. 


Type A. Top supported, by external round 
wire armor. 


Type B. Top supported, by conductors 
alone. 


Type, C. Supported at regular intervals 
along the rise by clamps or grips external to 
cable. 


Type D. Top supported, by internal sup- 
porting member separate from conductors. 


Type A, external round wire armor 
type, has had the widest use, especially for 
suspensions of over 300 feet in height. It 


* Other members of the Subcommittee are: G. W. 
Acock, J. F. Atkinson, A. Lee Barrett, E. D. Bent, 
E. W. Davis, R. A. Hopkins, J. F. Huguelet, 
R. H. Kolks, M. J. Lowenberg, R. B. McKinley, 
F. V. Smith, E. G. Sturdevant, C. F. Titus, R. K. 
Woodson, W. N. Zippler, and G. W. Zink. 
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has been used for vertical risers in build- 
ings, in bore holes and mine shafts, in 
tunnels, in vertical runs in hydroelectric 
stations, and in lengths up to 1,600 feet 
for single point suspension. The armor 
provides not only support for the cable 
but mechanical protection to the con- 
ductors, and electrical shielding as well. 
Figure 1 shows a cross-section of ex- 
ternally supported cable. 

The usual armor consists of round 
galvanized steel wires with a maximum 
tensile strength of 70,000 pounds per 
square inch, Specifications for such 
armor are included in the Insulated Power 
Cable Engineers Association Specifica- 
tions for Metallic Coverings,” or in the 
General Specifications for Wire and Cable 
with Rubber, Rubber-Like, and Thermo- 
plastic Insulations.* On occasions for 
special purposes armor of copper, bronze, 
or copper-clad steel have been used. 

Most mining regulations require the 
use of type A or armored cables in shafts 
or slopes where there is danger to person- 
nel or equipment from contact with un- 
shielded cables, or from cable burn- 
down. 

Type B, top supported by conductors, 
has been used extensively for bore holes, 
particularly in the single conductor or 
concentric multiple conductor types. 
Medium hard drawn copper conductors 
can support their own weight up to 1,000- 
foot lengths with a factor of safety of ten, 
and as this type is usually used in much 
shorter lengths, the additional factor of 
safety provides considerable assurance 
that the cable will not fall due to partial 
burnoff of conductors under fault condi- 
tions. 

Type C, or continuously supported 
cable, is used more frequently in tunnel 
shafts where it is desired to use orthodox 
cable designs and where frequent support 
does not introduce any problem. 

Type D, or top-supported cable with 
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internal supporting strands, has been used 
for vertical risers in buildings and in bore 
holes of medium height with complete 
success. The general design is a 3-con- 
ductor cable with a steel supporting 
strand in each of the three interstices, and 
a rubber or neoprene jacket over-all. Itis 
much lighter than the wire-armored type, 
and has the additional advantage that the 
outer jacket protects the steel supporting 
members from corrosion. On the other 
hand, as the steel supporting strands lie 
outside of the circle through the center of 
the conductors (except for special cases, 
such as elevator control cables), the ten- 
sion on the supports tends to wedge them 
into the valleys between the insulated 
conductors. This causes more localized 
pressure on the insulation than with other 
methods of support and must be con- 
sidered in the over-all design, particularly 
as to the weight to be supported. Figure 
1 shows a cross-section of a typical cable 
construction with internal support. 


Types of Insulation 
and Cable Design 


The common insulations, such as rub- 
ber, varnished cambric, and saturated 
paper, have been used with all the types 
mentioned. 

The most commonly used insulation for 
voltages up to 15 kv has been rubber, 
with varnished cambrie as close second 
choice. For higher voltages, saturated 
paper has been the usual selection. In all 
cases where paper has been used for rises 
over 100 feet, either a special saturant, 


Paper 51-235, recommended by the AIEE Insu- 
lated Conductors Committee and approved by the 
AIEE Technical Program Committee for pres- 
entation at the AIEE Summer General Meeting, 
Toronto, Ont., Canada, June 25-29, 1951. Manu- 
script submitted March 26, 1951; made available 
for printing May 4, 1951. 


W. T. Perrce, Chairman of the Special Purpose 
Cable Subcommittee of the Insulated Conductors 
Committee is Chief Cable Engineer with the 
American Steel and Wire Company, Worcester, 
Mass. 


The writer wishes to acknowledge the data sub- 
mitted by: C. T. Hatcher on operating experience 
with vertical riser cables in New York, and for 
information on system design submitted by C, F. 
Avilla, J. E. Johnson, and R, D. Woodson. Much 
of the data on supporting methods was made 
available by A. A. Jones and G. B. Shanklin. 
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which is a semisolid below its rated 
Operating temperature, has been em- 
ployed, or provision made for introducing 
oil at the top of the rise and periodically 
relieving static head pressure at the bot- 
tom. More recent installations have used 
special types of low gas pressure cables.‘ 

The type of rubber used has been based 
on the individual manufacturers’ recom- 
mendations. In the main, these have 
been for oil-base ozone-resisting rubber, 
although some manufacturers have pre- 
ferred to use special high-voltage insula- 
tion and rubber with higher physical prop- 
erties because of the mechanical strains 
involved. The service records available 
do not indicate any definite preference. 

In the case of varnished cambric, the 
insulation has been applied with a butt 
wrap instead of with the usual overlap. 
The purpose of this is to provide a more 
compact insulation and to minimize slip- 
page. Slipper compound between tapes 
has been omitted or else used sparingly 
to avoid oil migration troubles or leakage 
from lower terminals. 

Where varnished cambric or paper has 
been used as insulation, both lead and 
nonmetallic (rubber or neoprene) sheaths 
have been employed. Lead sheaths in- 
troduce no problem where cables are 
supported at short intervals throughout 
their length. For top-supported cables, 
the use of lead limits the safe length to 
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Figure 2 (above). Three-ring clamp support 
for armored cables 


500 feet unless special precautions are 
taken to transfer the weight of the lead to 
the supporting armor uniformly along the 
length. Otherwise, the lead will slip or 
sag under the armor and accumulate in 
accordion-like wrinkles at the bottom of 
therun. The use of lead makes it difficult 
to obtain high safety factors for the top 
support of long lengths. The minimum 
safety factors recommended by Insulated 
Power Cable Engineers Association’ are 
four for leaded cable in buildings; five 
for bore holes; and seven for nonleaded 
vertical risers in buildings, while most 
mining laws require a factor of ten for 
working shafts. This safety factor is the 
rated breaking strength of the strength 
members in the cable divided by the total 
weight of cable in suspension. 

Nonmetallic jackets, in the case of rub- 
ber-insulated cables, have been extruded 
and lead-vulcanized rubber such as used 
for portable cables. Since polychloro- 
prene (neoprene) has been available, it 
has replaced rubber in most cases. 

For varnished cambric and paper 
cables, nonmetallic jackets are composed 
of reinforced rubber or neoprene tapes 
with a varnished cloth or resin barrier 
tape between the core and the jacket. 
During vulcanization, the tapes bond 
into a homogeneous covering. 

Conductor support is required with 
varnished cambric or paper insulation to 
prevent conductor slippage through the 
insulation. Soldered connectors have 
been found unreliable, as _ sufficient 
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strength cannot be developed for a con- 
tinuous load with the amount of vibra- 
tion normally experienced in buildings 
and shafts. Pressure or gun-type me- 
chanical connectors are the general rule. 

In some of the earlier rubber-insulated 
riser cables, trouble was experienced due 
to internal ozone cutting and voltage 
discharges caused by nonadherence of 
rubber to conductor or deformation of 
conductor in bending. 

Present-day designs include a layer of 
conducting rubber or conducting fabric 
tape applied as internal (or strand) 
shielding over the conductor and vul- 
canized to the inner surface of the insula- 
tion. This avoids all internal discharges 
between conductor and insulation. 


The deformation or kinking of the con- 
ductor is die to the restriction of move- 
ment between the insulated conductors 
themselves when the cable is bent. When 
movement is restricted, the conductors 
cannot adjust themselves to the difference 
in the circumference of bend between the 
inner and outer surface of bend, and the 
conductor on the inside of the bend 
buckles as it occupies a position of shorter 
length. 

The condition is aggravated when small 
conductors have a heavy wall of insula- 
tion and when the cable is bent sharply 
while under the compression of heavy 
mechanical loads. 

The remedy is to provide slippage be- 
tween conductor insulation surfaces and 
to reduce the adjustment required by 
using abnormally short lays in cabling. 

To accomplish the first, the surface of 
the insulation may be lubricated or 
covered with separator tapes of paper or 
varnished cambric. There is a limit to the 
degree with which the conductors can be 
allowed to slide on each other without at 
the same time losing the support of the 
armor. It is desirable to use lays of eight 
or ten times the core diameter and to bend 
the cable as little as possible while it is 
under heavy strain. For this reason, 
hoisting the cable from the bottom im- 
poses less severe strain on the cable struc- 
ture than the usual method of lowering 
from the top. 

It is sometimes required that the wire 
armor of type A cables be banded at in- 
tervals of from 25 to 50 feet, depending on 
the size of the cable. Such bands are 
usually about 4 inches long and consist 
of a serving of 12 Birmingham wire gauge 
galvanized steel wire. Their purpose is to 
prevent the armor from loosening and 
allowing the core to slip. The practice is 
not general, and no trouble has been re- 
ported on cables made to standard speci- 
fications which have not been so banded. 
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Various Types of Service 


SUILDING RISERS 


The electric power requirements of tall 
buildings are such that it is desirable to 
use a vertical a-c network for secondary 
distribution. Such a network requires 
high-voltage feed points for load centers 
at various levels, and vertical riser cables 
to service these load centers. 

The riser cables are generally installed 
in conduit and consequently are of the 
top-supported types. 

The majority of the installations have 
used wire armored cables. Common 
voltage rating is 15,000 volts and con- 
ductor sizes are 1/0 and smaller. 

A typical cable construction should 
consist of: 


(a), Number 1 19-wire strand 
(b). Strand shielding 


(c). 280 mils rubber (ozone resisting or 
manufacturer’s recommendation) (or 250 
mils rubber plus 3/64 varnished cambric 
tape) 

(d), Copper shielding tape 


(e). Three conductors cabled with jute 
fillers 


(f). Fabric binder tape 
(g). Double jute serving 


(h). Number 6 American wire geu-e gal- 
vanized steel armor 
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(left), 
cable 


Figure 3 
Bore-hole 
hanger 


Figure 4 (right). 
Wedge-type bore- 
hole cable hanger 


(i). Outside diameter 2.8 inches 


(j). Weight 6-7 pounds per foot 


For a varnished cambric cable, the in- 
sulation thickness would be 295 or 315 
mils, and a reinforced rubber or neoprene 
jacket would be applied over the as- 
sembled conductors. 


Bore-HoLe CABLES 


Modern mining methods are highly 
mechanized and _ electrically-operated 
equipment predominates for underground 
workings. To avoid the use of cables in 
slopes and horizontal tunnels where they 
would occupy valuable space and be sub- 
ject to injury from rock fall and mine 
equipment, it is desirable to feed the 
working faces from surface power lines 
through bore holes drilled vertically to the 
load centers. Since most mine equipment 
employs direct-current, rectifier stations 
at these load centers are commonly used. 

These bore-hole cables must of neces- 
sity be of the top supported type. The 
usual a-c rating is 2,300 or 4,150 volts, 
although some of the larger mines are 
being forced to use higher voltages due to 
increasing power demands, and 600-volt 
d-c cables also are common to supply 
power to haulage locomotives. 

Rubber insulation is used in the major- 
ity of cases, as bore holes are ordinarily 
wet. Conductor support also is very 
common, especially for the lower voltages 
and shorter runs. However, many mines 
use armored cable exclusively. 

For armored types, the common con- 
struction is 


(a). Stranded copper conductors 
(b). Rubber insulation 
(c), Metal shielding (above 6 kv) 


(d). Three conductors cabled with jute 
fillers (ground wires are often included for 
system- ground or fault protection) 
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(e). Reinforced rubber or neoprene jacket 
(f). Galvanized steel armor 
(g). Heavy asphalt coating 


The reinforced jacket is used to pre- 
vent the bore hole drainage water from 
rotting the jute, corroding ground wires, 
or shielding and impairing rubber insula- 
tion. The asphalt coating of armor helps 
to mitigate corrosion from active drainage 
water. 

Conductor-supported types utilize me- 
dium hard-drawn conductors (sometimes 
reinforced with steel), rubber insulation, 
shielding above 3 ky, and a neoprene 
jacket. The use of several single con- 
ductors is perhaps more common than a 
3-conductor cable. Shielding, with single 
conductor cables, is especially important, 
as the conductors are in loose contact 
with each other and the sides of the hole, 
They are subject to considerable move- 
ment due to repulsion from each other 
under load and are alternately wet and 
dry on the surface, so that continuity 
of ground contact is not always assured. 

Copper tape shielding is usual except 
where the shield is used to operate sensi- 
tive ground fault relays in which case a 
concentric serving of copper wire is used 
having an area at least 50 per cent of the 
main conductor. 


MINE SuArts 


Cables for mine shafts and working 
slopes are of the armored type of the 
same general construction as the armored 
bore hole cables. 

This is required by law in most cases 
and good practice in any case, since such 
cables are liable to mechanical injury 
from falling objects. 

They may be top supported but gen- 
erally they are clamped to the walls or 
shaft structure to keep them out of the 
way and to prevent swinging. 
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In the transmission of power in cities 
it is often necessary to cross bodies of 
water in which submarine cables are 
vulnerable to dredging operations and 
ships’ anchors. It is often more econom- 
ical to drive tunnels, in which case there 
is a vertical entrance at both ends. 

The cables in the vertical sections are 
but short sections in otherwise long hori- 
zontal runs, and it is usual to use cable 
that is compatible with the horizontal 
sections. The voltages used are 15,000 
and higher. 

Varnished cambric has been used for the 
15,000-volt class, but the great majority 
of such cables have been insulated with 
saturated paper. 

The general practice is to use lead- 
covered cables which are supported every 
12 to 15 feet with split-type cable clamps 
or woven cable grips. 

There is no one typical construction. 
Where saturated paper has been used, 
the problem of oil migration and static 
oil head has been overcome in one of the 
following ways: 


1. Use of a saturant with a melting point 
above operating temperature. 


2. Use of oil filling at the top and continu- 
ous drainage from the bottom. 


1951, VoLumE 70 


Figure 5 (left). 
ing arrangement for riser 
cable with internal support- 


Support- 


ing members 


Bie Se 
O 
& ra 
325] 
wwe Figure 6 (right). Pothead 
ood [e) = 
gat 2 e for — conductor-supported 
eez crn aN cables 
8 6682 C4 | 
6 et ee 6 | 
Yo oe OE bl a 
i Oem&u a ° a4 3. Use of gas pressure cables. 
Zz meee weeny 2 | é : 
a oor -S a cz | 4. Use of pressure-type pipe cables. 
& Soeu & #8 
zh aa ee Oo £4 J s. 
& we ae. ag * OTHER USE FOR RISER CABLES 
OZ 
oe bN . 
Woah ul ci In large hydroelectric developments, 
sees os it often is necessary to conduct auxiliary 


power from the station to the top of the 
dam, or to connect the generator busses to 
transformers located at an upper level. 
Tunnels may be provided in the dam it- 
self for such services. 

The practice in such cases follows the 
ones described previously for similar in- 
stallation conditions. 


Methods of Support 


A common method of support for wire- 
armored cables is to use a 3-plate bolted 
suspension clamp, as shown in Figure 2. 
This consists of three circular plates with 
holes in the center for the cable core. The 
armor wires are fanned between the first 
and second plates, bent over the outer 
edge of the second plate, and clamped 
again between the second and third plates. 

Another method is to use a split cast 
iron throat that is bored to fit over the 
armored cable. The armor wires are 
bent back oyer the top edge of the throat 
and seized or clamped in place. Figure 3 
shows a typical design and Figure 4 a 
modified type. 

Cables with internal supporting mem- 
bers have these members clamped to 
strain insulators which are in turn sup- 
ported, through turnbuckles, by a loose 
fitting section of pipe. The pipe, itself, is 
attached to the building frame or floor by 
dead-end devices or a collar. The general 
layout of such support is shown in Figure 
5. 

Several methods of support are used for 
cables supported by the conductors. The 
conductors may have a special drawn or 
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mechanically-applied terminal fitting 
which can be attached to the top of the 
porcelain of a suspension-type pothead, 
providing both support and termination 
of the cable. 
ure 6. 

For the lower voltages, a tripod ar- 


This is illustrated in Fig- 


rangement can be mounted over the bore 
hole, and the bared conductors looped and 
clamped through strain insulators, If a 
3-conductor cable is used, it is desirable 
to adjust the load on each conductor by 
means of individual turnbuckles. 

Another common method is to loop the 
whole cable around a circular wooden 
disk with one or two turns, and to clamp 
the two protruding ends together. 

There is a variety of split cable clamps 
available for supporting the sheath at 10- 
to 15-foot intervals. These are basically 
iron rings attached to the masonry of the 
shaft, with wooden or composition in- 
serts carefully bored to 90 per cent of the 
actual cable diameter. It is important 
that the clamping action should be from 
the close fit of the inserts rather than from 
the strain put on the bolts. 

Where the cable core is soft or easily de- 
formed, split-type woven wire grips are 
available. The lower end of the grips is 
attached to the lead by a serving of fric- 
tion tape, and the bridles of the grip 
either fastened to rings on a slope or toa 
forked bolt attached to the supporting 
structure. If vibration is anticipated, the 
bolts may be supported through com- 
pression-type springs. Figure 7 illus- 
trates the general arrangement of such 
support. 

If the supporting grips are to be used 
under corrosive conditions, it is desirable 
to interpose some insulation between 
bridles and support to avoid galvanic 
currents and to protect the lead sheath 
and grip from corrosion, This might 
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Figure 7. Basket grip for vertical support of 
lead-sheathed shaft cables 


consist of tape between them or heavy 
asphalt paint over them. 

In all cases of vertical support, the 
supporting means should be directly over 
the vertical section. 


Methods of Installation 


The easiest method of installing cables 
in the vertical position is to hoist the free 
end from the bottom. This cannot al- 
ways be done as hoisting means may not 
be available; it may not be possible to 
set the cable up at the bottom of the lift, 
or the required horizontal slack at the top 
of the run cannot be provided for. 

In such cases, the cables can be lowered 
from the top by using a pair of rope slings 
that alternately hold and lower. A long 
tapered wooden wedge is mounted above 
the vertical conduit, to be dropped into 
place in case the cable tends to slip. 

For bore holes, the cable may be un- 
reeled on the ground in a straightaway 
length. A pulling rope is attached to an 
eye formed in the lower end, and a cor- 
responding hoist rope attached to the 
upper end as a brake. 

In all cases, it is obvious that careful 
calculations of the loads involved must be 
made in order that equipment may be 
chosen properly. 

The United States Bureau of Mines 
Circular J.C. 6595° provides a compila- 
tion of methods of installation used in 
shafts and bore holes. 
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Operating Experiences 


While a wide variety of cable designs 
and methods of support has been used for 
vertically suspended cables, the operating 
experiences reported have been good. 
Barring early failures, due to faulty design 
or manufacture, the service record com- 
pares favorably with other types of serv- 
ice. 
There has been some concern that a 
cable failure might result in burn-down of 
the cable. The relay system for vertical 
cables should be considered carefully and 
automatic reclosing avoided. No cable 
burn-downs have been reported and none 
are anticipated. ; 

The industry is quite cognizant of 
cable expansion and contraction troubles 
for horizontal cables. A top-supported 
vertical cable is free to expand downward 
and, in addition, undergoes a slow stretch 
for the first few years of service. This 
stretch may be accompanied by a tend- 
ency te untwist. As much as 131/39 
inches of permanent stretch have been 
experienced in a 732-foot length and 
up to 360 degrees of twist. Provision for 
such movements should be made at the 
bottom of each run. 

It is desirable to provide an open 
chamber at the base of long vertical runs 
to permit the vertical movement to take 
place without constricting the movement 
of the cable. The tendency to untwist 
makes it advisable to clamp the cable be- 
fore the joint to the vertical section or to 
provide free conductors between the 
joint and the vertical section, so that the 
twist is not imparted to the conductors 
within the joint itself. 


Conclusions 


It has been the intention of this paper to 
summarize the types of cable suitable for 
vertical power feeds, or for installations 
where a considerable vertical component 
is encountered. In general, each applica- 
tion has governing conditions which 
dictate the type which may be employed, 
and which determine the most practicable 
method of supporting the conductors so 
as to avoid slippage of the insulation. 

The problem of vertical transmission 
can be solved by one of several funda- 
mental cable constructions as described. 
Cables built for horizontal performance 
should not be used thus without con- 
sideration of modifications required for 
the vertical components if over 100 feet of 
rise are encountered. 

Operating experience with vertical riser 
cable has been generally good, with the 
usual cause of trouble mechanical or 
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physical damage due to surrounding 
conditions. 

It is hoped that this summary will give 
rise to the presentation of data from 
others having experience with vertical 
riser cables to the end that an authorita- 
tive reference will be available of present- 
day practice for vertical riser cables. 

It should be reiterated that this has 
been an impartial survey of the field 
covered by this subject, and is not to be 
interpreted as representing the views of 
any one school of thought on the best 
methods for engineering a given situation. 
Each usage should be judged on its own 
merits, and this paper will have served 
its purpose if it contributes to a more 
ready choice through better understand- 
ing of the fundamental principles in- 
volved. 
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Discussion 


Wm. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
There are many problems connected with 
power cables which do not admit of a single 
solution to suit all circumstances and the 
Committee on Insulated Conductors is to be 
commended for sponsoring a series of papers 
which lay the groundwork for individual 
solutions of such problems. Mr. Peirce’s 
committee has performed a valuable service 
of this kind in the present paper on Cables 
for Vertical Risers. . 

I would appreciate having further light 
thrown on the following questions: 

The use of a saturant with a melting point 
above operating temperature implies that 
the saturant is solid at all operating tem- 
peratures. This means either some kind of 
wax saturant or a very low operating tem- 
perature. What does Mr. Peirce’scommittee 
have in mind? 

Pipe cables of the compression type with 
oil compression medium, having equal 
heads of oil in and around the cable, present 
no question but where gas is the pipe 
medium the answer is not quite so clear. 
However vertical risers of considerable 
heights are used in European gas compres- 
sion cable systems. For example a 75-foot 
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vertical outdoor pipe connects an overhead 
line to a power station and considerably 
longer vertical pipes are used in mine shafts. 

The following explanation is offered for 
the success of the installations: Whatever 
longitudinal channels may exist in a cable 
along which oil may migrate, no oilcan reach 
the sheath to distend it except by passing 
between tapes and eventually between the 
outside tape and the tape under it, into the 
helical Ghannel between turns of the outside 
tape. This is the only place where any oil 
from anywhere in the cable can come in 
contact with the sheath, as oil cannot be 
foreed through impregnated paper. The 
channels take up only 1/25th of the length of 
the cable so that all internal head of oil that 
might exist, is exerted on 1/25th of the 
sheath area. 

The sheath, usually of extruded poly- 
ethylene reinforced by bronze tapes, is a 
locally rigid structure having 200 pounds per 
square inch exerted on its outer surface. 
Hence in order for the internal pressure to 
lift the sheath, it must exert 25 times 200 
or 5,000 pounds per square inch which is 
more than any riser can exert. Moreover, 
to more fully satisfy ourselves on this score, 
we installed an 80-foot gas compression 
cable riser and subjected it to daily load 
eycles under outdoor conditions for 2'/, 
years. 

At the end of this period the satura- 
tion was complete from top to bottom, in 
insulation, butt spaces and strand spaces, 
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and the polyethylene sheath was in perfect 
condition, having suffered no distortion or 
change in tensile strength. 

Thus we have both a theoretical and an 
experimental verification of the practical 
results obtained in Europe. 


L. I. Komives (The Detroit Edison Com- 
pany, Detroit, Mich.): The author and his 
Subcommittee are to be congratulated for 
such a useful summary of data in the form 
of a committee report. It is felt that this 
subcommittee could continue the good work 
and supply design data for particular in- 
stallations, especially those in tall buildings. 
Such data is very valuable to the designer 
of such systems. 

Design data should include, if possible, 
recommendations on what to do with rather 
sharp bends (for instance, 90 degrees) near 
the top of a riser. 


W.T. Peirce: Mr. Del Mar’s comments are 


quite pertinent. The term ‘melting point” | 


was not well chosen. ‘‘Flow or Pour Point’’ 
would be more technically correct. 

As Mr. Del Mar points out, the major 
flow of oil in saturated paper is in the small 
oil channels between convolutions of tape 
and this tortuous path greatly impedes the 
movement of oil. 

By using a compacted strand or a filling 
of semisolid material in the strand, together 
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with an oil resisting barrier over the surface 
of the insulation on each conductor, migra- 
tion of oil can be prevented in the strand or 
filler interstices. The paper insulation it- 
self will retain the oil, especially if the pour 
point of the oil is above the operating tem- 
perature, and prevent migration or pressure 
build up in the cable. 

The observations regarding the behavior 
of compression type cable in vertical runs 
are added confirmation that oil migration, 
when restricted to the insulation itself, is 
not a major problem for vertical risers. 

The Committee will be glad to consider 
Mr. Komives’ suggestion that the paper be 
supplemented with more detail design data. 
This was not done originally because it was 
apparent that no two installations were 
alike, 

The architect is particularly con- 
cerned with the function of the building and 
the location of services is made to fit other 
considerations. 

In the case of armored cables of the self- 
supporting type, the armor usually supple- 
ments a complete cable core. In this case 
the armor can be terminated at its support 
over the vertical rise and the core with 
armor removed installed in conduit for the 
required horizontal distance. 

The original purpose of the Subcommittee 
was to survey operating experience with 
various designs of vertical cable. They are 
pleased to report that the general experi- 
ence has been entirely satisfactory. 
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Application of Power Line Outage 
Monitor 


JOHN F. ATKINSON 


MEMBER AIEE 


HE PROBLEM of reporting outages 

on electric power distribution sys- 
tems is as old as electric distribution it- 
self. It has generally resolved itself by 
reliance upon the affected consumer re- 
porting through the medium of the tele- 
phone. In urban or suburban areas little 
time is lost in receiving outage reports. 
However, in rural areas, such is not 
necessarily the case. 

Telephone reporting of rural outages 
often involves long distance calls. Many 
affected consumers are reluctant to report 
outages by long distance telephone, pre- 
ferring to let “someone else’ doit. At the 
other extreme a single outage may cause 
a flood of long distance telephone calls, 

In some rural areas outages occurring 
late at night or in the early morning hours 
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may go unreported until-daylight. In 
many rural areas telephone service is in- 
adequate or nonexistent and it is not un- 
usual for outages to be reported by postal 
card or letter. 

The ideal solution to the outage re- 
porting problem is a device which auto- 
matically and instantaneously reports to 
the dispatcher the existence of an outage 
and indicates its location. The develop- 
ment of such a device has been a challenge 
to the electric industry for many years. 

In 1941 an automatic device!” for re- 
porting outages was installed experi- 
mentally on rural power distribution 
systems in Ohio, Minnesota, and Virginia. 
Work on these experimental installations 
was halted by World War II. After the 
war, further work was undertaken, 
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utilizing more advanced techniques de- - 
veloped in the interim. As an outgrowth 
of this work, there has been developed a 
power line outage monitor described in 
detail in a companion paper.* The ap- 
plication of this power line outage monitor 
to rural electric power distribution sys- 
tems is described herein. 


The Outage Monitor 


The outage monitor consists essentially 
of the following components arranged on a 
distribution system as shown in Figure 1: 
transmitter; receiver; indicator; and 
remote modulators. 

The transmitter, shown in Figure 2, 
can be located near the substation. It 
supplies a continuous, unmodulated car- 
rier signal which is propagated throughout 
the primary distribution system. 

The receiver can be located at almost 
any point on the distribution system that 
is convenient to the dispatcher’s office or 
service headquarters. Figure 3 shows a 
receiver installed adjacent to a trans- 
mitter. 

The indicator, shown in Figure 4, can be 
located in the dispatcher’s office or service 
headquarters. It is usually connected to 
the receiver by means of a 2-wire line 
such as a telephone pair. 

The remote modulators are located on 
the distribution system at points that are 
to be monitored for outages. Hach remote 
modulator sinusoidally alters the im- 
pedance of the distribution line at the 
point of attachment at a predetermined 
and selected audio frequency rate. This 
resulting dynamic impedance is reflected 
back to the transmitter as the transmitter 
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printing May 14, 1951, 
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Figure 2. A transmitter installation 


load impedance. Amplitude modulation 
of the carrier signal is thus produced. 
The modulating frequency is determined 
by the controlled audio-frequency source 
in each remote modulator. The per cent 
modulation varies along the line and is 
determined compositely by the impedance 
excursions of the remote modulator, the 
attenuation factor of the line connecting 
the transmitter to the remote modulator, 
the multiplicity of circuits comprising the 
radial feeders and the impedance of the 
transmitter tank circuit. Modulation is 
detected by the receiver and the resulting 
audio frequencies are passed on to the 
indicator unit which displays the ener- 
gized or nonenergized condition of the 
monitored lines. A remote modulator 
installation is shown in Figure 5. 

Figure 6 shows how the degree of 
modulation varies along a representative 
35-mile line. The effect of taps and 
branch circuits are not shown in this 
illustration but will be discussed later. 
The modulator at point B may be ad- 
justed to produce approximately 85 per 
cent modulation at that point. Per cent 
modulation decreases in the direction of 
the transmitter, but remains constant at 
85 per cent out beyond the modulator. 
Figure 7 shows the approximate attenua- 
tion of the carrier signal on the same 35- 
mile line. From these two figures it can 
be seen that in the first 20-mile section of 
line in the illustration, the carrier level 
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decreases with distance while percent 
modulation increases with distance. This 
condition may be used to advantage in 
that the receiver can be located effec- 
tively at almost any point on the line. 
If the receiver is located near the trans- 
mitter, the per cent modulation level re- 
ceived is low but the carrier level is high. 
On the other hand, if the receiver is 
located at, say, the 15-mile point, the 
carrier level is lower but the percent 
modulation level is higher. »The net result 
in either case is a demodulated signal of 
relatively constant level. The receiver 
may be located out beyond the modulator 
to a maximum distance where the carrier 
signal level approaches line noise level. 
This is possible because of the higher 
modulation level available out beyond the 
modulator. 


Test Installations 


Experimental installations of the out- 
age monitor have been made on the lines 
of Central Virginia Electric Cooperative, 
Lovingston, Va. and on the lines of Clay 
Electric Cooperative, Keystone Heights, 
Fla. Both of these systems are typical 
rural distribution systems, each encom- 
passing over 1,000 miles of 7.2/12.5-kv 
distribution circuits and serving ap- 
proximately three rural consumers per 
mile of line. Each of these experimental 
installations consists of a transmitter, a 
receiver, an indicator, and ten modu- 
lators. 

The amount of experimental equipment 
available was limited and consequently 
the entire systems could not be moni- 
tored. The purpose of the tests was to 
determine operational and performance 
characteristics of the outage monitor when 
applied to a rural distribution system. 


Distance Capability 


One of the factors of prime interest in 
the operation of the outage monitor was 
the distance over which it would reliably 
operate. It has been found that it would 
operate satisfactorily, without special 
line treatment, over distances up to 
about 40 miles. On some lines where con- 
siderable carrier energy was lost in res- 
onant taps, this distance was reduced to 
about 20 miles. If the distribution lines 
are treated so. as to confine the carrier 
energy to the desired feeders, the range of 
operation can be increased considerably. 
Typical rural distribution systems are 
made up of radial feeders operating out of 
one or more substations. Such being the 
case, it has been found convenient to 
locate a transmitter at or near each sub- 
station with receivers located between 
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Outage monitor receiver installed 
adjacent to transmitter 


Figure 3. 


transmitters and their associated remote 
modulators. 

Automatic sectionalizing devices on 
rural distribution systems are normally 
installed from zero all the way out to 25 
miles from the substation. Under such 
conditions, with the transmitter at or 
near the substation, sufficient operating 
range can be obtained to monitor prac- 
tically all sectionalizing points energized 
from the substation. Separate transmit- 
ters and receivers are usually required for 
each substation, although under certain 
conditions it is possible to couple the 
carrier energy to another substation 
through a suitable filter network. 


Line Noise 


High-voltage distribution circuits are 
characterized by a rather high ambient 


Indicator unit installed in radio 
dispatcher's office 


Figure 4. 
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Figure 5. Remote modulator installation 


noise level in the radio frequency spec- 
trum, particularly in the 50 to 150 ke 
range. This radio frequency noise is 
caused by corona, defective equip- 
ment, static discharges on loose hard- 
ware, loose connections, poor ground 
bonding, induced atmospheric static, and 
defective or inherently noisy consumer 
appliances. High ambient noise level 
usually limits the distance over which 
carrier circuits can be made to operate, 
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Figure 6. Per cent modulation along distribu- 
tion line with remote modulator located at the 
20-mile point 
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The outage monitor principle of operation 
permits locating the receiver near the 
transmitter where a strong carrier signal 
is always assured. Thus the carrier signal 
overrides almost all types of line noise 
except power arcs occurring near the re- 
ceiver. Line noise has not proved to be 
an operating problem, even during violent 
thunderstorms. 


Taps and Branch Circuits 


Distribution taps and branch circuits 
whose effective lengths are odd multiples 
of one quarter wavelength tend to act as 
low impedance bridging circuits. In 
some cases it has been found necessary to 
effectively shorten, lengthen or isolate 
such taps or branch circuits by the inser- 
tion of a choke coil or by installation of a 
termination unit. Such,,treatment is 
necessary only when the tap approximates 
the critical length. Shifting the carrier 
frequency of the transmitter by a few 
kilocycles may solve this problem without 
resorting to line treatment. 

Another scheme that has been utilized 
is to make use of such critical taps by in- 
stalling a remote modulator at the outer 
end of the tap. Since the remote modu- 
lator acts to alternately short circuit and 
open circuit the tap at a given audio fre- 
quency rate, such impedance alternations 
are reflected to the input end of the tap. 
This modulates the carrier signal appear- 
ing on the main feeder. Such installations 
of remote modulators have proved effec- 
tive. 


Standing Waves 


Standing waves are generally present, 
since it is not feasible to terminate dis- 
tribution lines in their r-f characteristic 
impedance nor to maintain impedance 
matches on all branch circuits or taps. 
Such standing waves, however, have not 
been found to be detrimental. The r-f 
power loss introduced is made up by in- 
creasing the transmitter power output as 
required. Standing wave patterns must 
be taken into account when locating the 
remote modulators on the line, the best 
results being obtained when the modu- 
lators are located at voltage antinodes. 


Transformers, Oil Circuit Reclosers, 
Voltage Regulators, and Other 
Apparatus 


It has been found that while such 
items as distribution transformers and 
lightning arresters introduce slight im- 
pedance discontinuities in the line, the 
attenuation of the carrier signal due to 
this bridging effect is not significant. 
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Figure 7. Approximate attenuation of a 
100-ke carrier signal along a 35-mile distribu- 
tion line 


Oil circuit reclosers contain series 
connected solenoids which operate the re- 
closures when fault conditions occur. 
The inductance of these solenoids acts as 
an r-f choke which tends to attenuate the 
carrier signal. Fortunately, reclosers of 
higher ampere rating have less inductance 
and consequently produce less attenua- 
tion. Such reclosers are always located 
nearer the substation where minimum 
attenuation is more important. By- 
passing these solenoids with small capac- 
itors has been resorted to in unusual cir- 
cumstances, but as a general rule no 
special treatment of oil circuit reclosers is 
required. 

Line type voltage regulators offer more 
serious attenuation and it has usually been 
found necessary to by-pass the series coils 
with capacitors of about 0.05 micro- 
farad. 

Shunt capacitors act as a direct short 
circuit to carrier frequencies. Small 
series r-f chokes must be inserted in the 
shunt capacitor leads to prevent short 
circuiting of the carrier signal. Here 
again, use can be made of the one quarter 
wavelength tap. By installing the capac- 
itor bank on the outer end of such a tap, 
the input end of the tap becomes a high 
impedance point. Under such conditions, 
neither the tap nor the shunt capacitor is 
detrimental to the operation of this type 
of carrier equipment. 


Weather Effects 


Operation of the outage monitor was 
noted particularly during mild icing of 
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Figure 8. Phase-to-ground method of cou- 
pling transmitter to line 
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Figure 9.\. Alternate method of phase-to- 
ground coupling 


distribution lines in the winter of 1950 on 
the Virginia installation. No appre- 
ciable degradation of signal was observed. 

On the Florida installation, no change 
in operation has been observed during 
extremely wet weather or during thunder- 
storms. 


Interference with and 
From Other Services 


In early experimental models the re- 


mote modulators were found to emit har- 
monics which were objectionable in the 
broadcast band. A low-pass filter was 
incorporated in the modulator circuit 
which suppressed these harmonics to a 
level that was satisfactory for radio re- 
ceivers located immediately adjacent to 
the modulator. 

Tests were made to determine the 
effect of interference from other carrier 
sources. 

The outage monitor was tuned to with- 
in 3 ke of a carrier channel used by 
a neighboring power utility for voice 
communication. Signal level from this 
carrier was sufficiently strong for recep- 
tion of loud and clear speech on a carrier 
frequency receiver. This interfering 
carrier signal had no noticeable effect on 
the operation of the outage monitor. 
However, if a resulting carrier beat fre- 
quency were to coincide with one of the 
utilized modulating frequencies, false 
operation would probably occur during 
the outage period. 

Although there is no reason why the 
outage monitor would not interfere with 
other nearby carrier equipment utilizing 
the same channel, to date no complaints 
of carrier interference have been received 
from neighboring utilities known to be 
using adjacent carrier channels. 


Method of Coupling Transmitter and 
Receiver to Line 


The most effective method of coupling 
the transmitter to the distribution system 
has been found to be phase-to-ground 
coupling such as is shown in Figure 8. 
Coupling between phases is accomplished 
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by mutual inductive and capacitive 
coupling. 

Coupling between all three phases and 
ground as shown in Figure 9 has also been 
tried. Although this gives more even 
carrier distribution, line attenuation is 
much greater than in the single-phase 
method. The receiver is normally coupled 
to the line between one phase and ground. 
When the transmitter and receiver are 
physically located at the same spot, the 
receiver is coupled directly into the 
transmitter thereby saving the installa- 
tion of a separate coupling capacitor. 


Locating the Remote Modulators 


Optimum performance of remote modu- 
lators is obtained if special attention is 
given to their location on the distribution 
system. Since standing waves are usually 
present, it has been found best to locate 


_, the remote modulators at or near voltage 


antinodes. Such points represent high 
impedance points on the line and are most 
responsive to dynamic impedance varia- 
tions produced by the modulators. 

A portable survey instrument has been 
devised which performs the function of a 
remote modulator, and is used to deter- 


Figure 10. Portable survey instrument with 
“hot stick” coupler 
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mine suitable installation points. It 
consists of a vacuum tube voltmeter, a 
battery powered modulator and a special 
coupling capacitor built into a “hot 
stick.” 

This coupling device is used to quickly 
couple the survey instrument to the line 
at any desired point. Carrier voltage 
level can be read on the meter and the 
modulated signal produced can be de- 
tected and measured at the central re- 
ceiving point. Figure 10 shows the 
portable survey instrument. 

Location of the remote modulators is 
not limited to voltage antinode points, but 
insufficient modulation usually results if 
the modulators are coupled to the line at 
voltage nodes. Intermediate points usu- 
ally produce satisfactory results. 


Locating Transmitter and Receiver 


Location, of the transmitter and re- 
ceiver is not critical and installation can 
usually be made almost anywhere on the 
system. However, for practical con- 
siderations, it has been found desirable to 
locate the transmitter near the substa- 
tion supplying the distribution system. 
The reason for this is twofold. The trans- 
mitter can distribute its carrier power 
more evenly to all of the radial feeders of 
the system, and it is less susceptible to 
power outages when located near the sub- 
station. 

A principal consideration in locating the 
receiver is its location with respect to the 
dispatcher’s office so that the wire line to 
the indicator can be reasonably short. 
Another consideration is reliability of 
power source supplying the receiver. 


Modulation Levels 
and Signal Levels 


Modulation levels as measured at the 
receiver input have been found to range 
from a high of 5 per cent to a minimum 
usable level of 0.01 per cent. Using the 
portable survey instrument, it has been 
found that a 2-volt carrier level at the re- 
mote modulator location will produce 
usable modulation at the transmitter site. 
Carrier level in the vicinity of the trans- 
mitter may range up to 250 volts. 


Power Line Harmonics 


Power line harmonics interact with the 
carrier signal within the remote modu- 
lators to produce modulation. Modula- 
tion levels produced by these power line 
harmonics are sometimes of the same 
order of magnitude as the desired signals 
produced by the modulators. This 
factor must be taken into consideration 
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in the selection of modulating frequencies, 
and the use of power line harmonic fre- 
quencies must be avoided. 

Experience gained from the two ex- 
perimental installations in Virginia and 
Florida has proved that the principle of 
operation of the outage monitor equip- 
ment is sound and practical. These in- 
stallations are providing valuable ap- 
plication data under a variety of condi- 


tions. Improvements in the equipment 
and in techniques of application to rural 
power distribution systems are being 
made as a result of this experience. 
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A Magnetic Tape Oscillograph for 
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HE inconvenience, expense, and de- 

lay of obtaining automatic records of 
power system phenomena and of obtain- 
ing records during staged field tests with 
conventional oscillographs has prompted 
the investigation of magnetic recording 
techniques for this purpose. While there 
is an abundance of information in engi- 
neering literature on the recording of 
sound by magnetic tape or wire, little 
information is available on the charac- 
teristics of applicability of magnetic re- 
cording to the field of oscillography. A 
review of current techniques and ap- 
paratus discloses that applicability to this 
field is limited by lack of a suitable pickup 
device. The development of a unique 
magnetic pickup device described here 
adapts magnetic tape recording to the 
field in which conventional oscillographs 
of both the automatic and laboratory 
types are usually employed. The ad- 
vantage of reusability of the recording 
medium inherent in magnetic recording 
permits convenient incorporation of the 
“anticipator” feature in an automatic 
oscillograph. Transcription of the mag- 
netic records at reduced tape speed by 
pen and ink recorder considerably en- 
hances both automatic and laboratory 
oscillograph applications by elimination 
of the usual photographic processing. 
Both are made possible by the novel 
pickup device which delivers an output 
voltage independent of the speed of the 
tape. Construction and test of a model 
oscillograph using the new pickup device 
furnish a basis for design of a practical 
automatic recorder. 


Advantages Offered 


The possible advantages of magnetic 
recording for oscillographic purposes have 
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long attracted interest. One of the first 
advantages to attract interest is the fact 
that the magnetic recording medium can 
be erased and reused practically an un- 
limited number of times. This permits 
continuous recording of phenomena, in- 
cluding steady state conditions, even 
where only transients or abnormal condi- 
tions are of interest. Thus, the tran- 
scription or examination of a small portion 
of the recorded information is substituted 
for the fast starting feature of the present 
conventional automatic oscillograph. In 
this substitution two benefits may be 
gained: The mechanical difficulties at- 
tending any fast starting feature are 
eliminated and the steady state conditions 
before the transient are recorded, whereas 
in conventional equipment, the recording 
is started by the transient or abnormal 
condition itself. 

The economy aspect of the magnetic 
recording technique has not been over- 
looked. However, while it has previously 
permitted the continuous type of record- 
ing just mentioned, subsequent trans- 
cription of the desired portions of the re- 
corded information has required some of 
the conventional photographic recording 
material and the conventional oscillo- 
graph itself. Although complete elimina- 
tion of photographic materials and the 
delay and inconvenience of photographic 
processing is a desirable goal, it has not 
generally been achieved. 


Previous Limitations 


A brief review of some of the principles 
employed in magnetic recording and re- 
production or transcription may clarify 
its previous limitations. In the most 
usual applications, the electric current 
representing the phenomenon to be re- 


corded is passed directly through the main 
coil of the recording head producing mag- 
netic impressions on the recording me- 
dium. A high-frequency bias current 
simultaneously applied to a coil of the re- 
cording head makes magnetic impressions 
closely proportional to the recording 
current over a wide range of current.! 

For applications in which an especially 
wide range of frequencies is to be re- 
corded, such as sound recording, self-de- 
magnetization of the recording medium 
becomes a limitation in the recording of 
the higher frequencies. Self-demagnetiza- 
tion is a function of the ratio of the length 
to thickness of the small magnets set up 
by the recording process in the magnetic 
medium.” It is thus also a function of the 
ratio of frequency to speed of the record- 
ing medium. It may be regarded as a 
magnetic short circuiting of the flux as the 
magnetic poles get closer together. How- 
ever, for available recording media and 
reasonable speeds the frequency at which 
self-demagnetization becomes appreciable 
is well above the range required for 
power system oscillographic applications. 
Thus, the recording process is readily 
accomplished by well-known means with 
suitable accuracy for the purposes de- 
scribed in this paper. 

The usual means of reproducing the in- 
formation which has been recorded in the 
form of magnetic impressions on the tape 
suffer more limitations than the recording 
process. The most commonly used 
pickup device is similar to the recording 
head. In fact, a single unit often serves 
both .purposes for audio applications. 
The magnetic flux from the recording 
medium threads along the magnetic cir- 
cuit of the pickup and through the pickup 
coil. The only voltage produced in the 
pickup coil is that due to the changes of 
magnetic flux. The rate of change of the 
flux and hence, for a given recording cur- 
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Figure 1. Schematic arrangement of pickup 
head with associated amplifier, record, and 
erase heads 
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rent, the voltage produced in reproduc- 
tion is proportional to the frequency. If 
the frequency drops to zero, as for direct 
current, the output voltage becomes zero. 
For finite frequencies in the lower range 
where self-demagnetization is negligible, 
if the frequency doubles the output volt- 
age doubles. Since output voltage is a 
function of frequency, and frequency 
during reproduction is a function of the 
speed of the magnetic medium past the 
pickup head, the output voltage is ‘also 
directly a function of the speed of repro- 
duction. Thus, ‘side from the inaccu- 
_racies introduced by drive speed varia- 
tions, the range of applications to which 
this form of magnetic recording and re- 
producing has been adaptable has been 
limited by the ability of integrating and 
equalizing networks to compensate for the 
inherent characteristics. In the field of 
power system oscillography where tran- 
sients and direct quantities or components 


Figure 2. (A) Mag- 
netizing forces and 
fluxes produced in 
pickup. (B) Pro- 
duction of double- 
frequency voltage in 
pickup coil by mag- 
netizing forces and 


fluxes in (A) 
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EXCITING CURRENT 


OUTPUT VOLTAGE 
TO TRANSCRIBER 


VOLTAGE 


are of importance, it is apparent why this 
form of recording and reproduction has 
not become popular. 

A scheme of magnetic recording and re- 
producing which overcomes some of the 
foregoing difficulties is that of recording a 
carrier frequency which is frequency 
modulated as a function of the phenom- 
enon to be recorded. Reproduction is 
then essentially a process of frequency 
discrimination. This technique has the 
obvious possibility of eliminating am- 
plitude modulation and any inaccuracy 
due to nonuniformity of the magnetic 
medium. It is subject, however, to er- 
rors due to variations in drive speed in 
both the recording and reproducing proc- 
esses and it is limited in range of response 
to a fraction of the range of frequencies® 
which can be resolved by the magnetic 
medium, The requirement for a separate 


Figure 3. 


oscillator to be frequency modulated by 
each quantity to be recorded imposes 
additional equipment. 


A Pickup of 
Required Characteristics 


From this review of the characteristics 
of magnetic recording and reproducing 
systems, it is evident that for full ex- 
ploitation of the possibilities of magnetic 
recording for oscillographic purposes, a 
pickup head is needed which will produce 
an output voltage: 


1. Proportional to the magnetomotive 
force exerted upon the pickup head by the 
portion of the tape being examined. 

2. Polarity dependent upon the polarity 
of the magnetomotive force. 


3. Independent of the speed of recording 
or reproduction. 


The pickup head to be described in this 
paper is enabled to meet these require- 
ments by the expedient of causing the re- 
luctance of its magnetic circuit to vary in 
a cyclic manner at a frequency well above 
the highest frequency to be recorded. Of 
various possible means of varying the re- 
luctance, such as by mechanical variation 
of air gaps in the magnetic circuit, me- 
chanicalstrain of a portion of the magnetic 
circuit, or magnetic saturation of a portion 
of the magnetic circuit, the latter was 
chosen as offering the most practical 
solution. No moving parts are involved, 
permitting desirable simplification, and 
the frequency with which the reluctance 
can be varied is limited only by hysteresis 
and eddy current losses in the magnetic 
circuit. 

The arrangement of the recording, 


Variation of second harmonic component of output voltage 
with magnetizing force from tape 
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pickup, and erase heads is shown sche- 
matically in Figure 1. The magnetic 
circuits of the record and pickup heads are 
arranged to utilize a combination of 
transverse and perpendicular magnetiza- 
tion of the tape instead of the more com- 
mon longitudinal magnetization. This is 
necessary to permit accurate reproduction 
of square waves or d-c pulses of unlimited 
duration. The pickup head has its mag- 
netic circuit pierced by two small openings 
through which an auxiliary exciting coil is 
threaded to produce cyclic saturation of 
the part of the magnetic circuit indicated 
by the shaded areas of the pickup in 
Figure 1. As far as the pickup alone is 
concerned, greater sensitivity might be 
obtained by saturation of the entire 
magnetic circuit; however, the tape 
would then be demagnetized by the stray 
field set up. The balanced arrangement 
of the saturating part of the magnetic 
circuit serves to prevent appreciable stray 
field from the exciting frequency current 
from appearing at the pole faces which 
contact the magnetic tape. It also 
balances the exciting frequency com- 
ponent of voltage out of the main pickup 
coil. In this respect the pickup device 
differs from other magnetic pickups of 
which the authors have knowledge. 

With this arrangement the effective 
reluctance of the magnetic circuit is in- 
creased once for each half cycle of the 
exciting current so that the predominant 
voltage produced in the main pickup coil 
is of twice the exciting current frequency 
and nearly proportional to the magneto- 
motive force exerted by the tape on the 
pole pieces of the pickup. Production of 
the double frequency output voltage by 
the balanced saturating core section of 
Figure 2(A) is illustrated by Figure 2(B). 
In this illustration 


/1=imagnetizing force to be detected 
(magnetomotive force per-unit length 
of path, 

H,=magnetizing force of exciting field 

p’=flux in path 1 

»” =flux in path 2 

»=total flux=¢’—” 


This idealized graphical illustration is 
based on an assumed core material with a 
straight line magnetizing characteristic 
and sharp saturation. This is a reason- 
able approximation of the characteristics 
of modern high permeability materials. 
It must be recognized that choice of 
saturation of the magnetic circuit as a 
means of varying its reluctance repre- 
sents some sacrifice in linearity of output 
in order to gain simplicity, Analysis of 
the performance of saturated inductors in 
magnetic fields’ indicates that the second 
harmonic component of the output volt- 
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Figure 4. Schematic diagram of electronic amplifier associated with pickup 


age é, is expressed by 


4pNAH,10 ° ins +Hyy" 
65 me oe eee x 
3 H. 


in which 


N=number of turns 

p=2m times frequency of exciting field 

A =area of the core 

H,=impressed (exciting) magnetizing force 

Hm =magnetizing force required to saturate 
the core 

HI =magnetizing force to be detected 


It is evident from the formula that e» 
is not a linear function of H; however, 
the relation between e, and H for H,=2 
and /7,=1, shown in Figure 3, indicates 
that an operating point can be chosen 
where the curvature is relatively slight. 
Although any curvature in this charac- 
teristic affects the over-all calibration 
curve of the instrument, a small amount 
of curvature can be tolerated for power 
system application, since an error of 5 per 
cent is common for automatic oscillo- 
graphs and 2 per cent for portable re- 
cording equipment. 

Figure 3 also illustrates that the alter- 
nating voltage e, is zero when H is zero 
and increases as H increases in either a 
positive or negative direction. This un- 
polarized characteristic is readily over- 
come, and the most nearly linear operat- 
ing point is obtained at the same time, 
by the simple expedient of applying a uni- 
directional magnetic bias indicated by Hy. 
This is readily accomplished by adjusting 
the value of direct current in the polariz- 
ing coil shown in Figure 1 or by adjusting 
the relation of the pickup to a small per- 
manent magnet. The output then is 
caused to vary about the point ey, by the 
field from the tape AH. Thus, the pickup 


meets the requirements considered neces- 
sary to permit full exploitation of the 
possibilities of magnetic tape recording 
for oscillographic purposes on power 
systems. 


Experimental Model 


Oscillographic applications require an 
associated oscillator, amplifier, tran- 
scriber, and tape drive mechanism in addi- 
tion to the magnetic tape, record, repro- 
duce, and erase heads. These components 
have been assembled into an experimental 
model in order to verify the performance 
indicated by the foregoing theory. Per- 
tinent features of the components of the 
model and experimental results will be 
described before considering possible 
features of more practical applications. 

The physical arrangement of the pickup 
record, and erase heads is essentially as 
illustrated in Figure 1. Permalloy was 
used for the magnetic circuit of the pickup 
head, In this application both the high 
permeability and low saturation density 
of this material are of advantage. Al- 
though facilities were not available for 
properly annealing the material after 
fabrication, a compromise anneal, which 
yielded considerably less than the best 
performance obtainable, was neverthe- 
less satisfactory for the purpose. The 
magnetic circuit of the record head was 
made from silicon iron because of the 
higher allowable flux density. A small 
link of core material is used on the back 
side of the tape opposite the pickup head 
and opposite the record head to reduce the 
magnetic reluctance of the circuits and to 
reduce the influence of stray fields. 

The cores of the reeord and pickup 
heads were made from 0.015-inch stock 
which was the thinnest material at hand. 
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Although a reduction in thickness of the 
pole pieces would theoretically permit a 
reduction of the minimum tape speed, it 
was calculated that with the 0.015-inch 
thick pole pieces a tape speed of 1.8 
inches per second would resolve a 60- 
cycle square wave and a speed of 5 inches 
per second would resolve a 60-cycle sine 
wave with only 1 per cent distortion. 
This was considered a sufficiently low 
minimum ‘speed for test purposes. While 
thinner pole faces in a practical model 
would increase the frequency range of the 
instrument, the reduction of tape speed 
is of no particular advantage when an end- 
less belt is used. 

The erase head used embodied no new 
principle and so will not be described in 
detail. However, the orientation used 
was such as to produce a saturating, high 
frequency field in a longitudinal direction 
along the tape. Thus, even if minute 
magnetized areas are left in the tape by 
the erase system at the higher tape speeds, 
this remanent magnetism is perpendicular 
to the active recorded fields. 


The electronic elements are assembled 
on one chassis in order to use one power 
supply. Such a combination also affords 
a desirable reduction of space required. 
The functions of the various electronic 
components are nevertheless sufficiently 
independent to permit separate explana- 
tion. 


One oscillator serves three purposes: 
(1) supplying the high-frequency bias 
current for recording, (2) supplying the 
high-frequency exciting current for the 
pickup head, and (3) furnishing high-fre- 
quency power for the erase system. The 
power requirements of the erase system 
are the greatest of the three requirements 
and it is logical that a frequency should be 
chosen which will afford reasonable effi- 
ciency in this function. A frequency of 
20 ke was selected for the experimental 
assembly on this basis. A push-pull 
oscillator circuit was used because of its 
inherent good wave form and high power 
output. As itis conventional in design, no 
diagram is included. A series resonant 
circuit is used with the erase head in order 
to simplify obtaining maximum power 
transfer. Delivery of the high-frequency 
bias current to the record head is effected 
through a control rheostat and through a 
winding on the record head separate from 
the main recording winding in order to 
keep the recording circuit isolated as much 
as possible. A resistance is used in series 
with the exciting coil of the pickup head to 
swamp out the effect of nonlinear im- 
pedance of this saturating circuit on the 
wave form of the exciting current. The 
value of the exciting current, although not 
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Figure 5. Oscillograms produced by mag- 
netic tape oscillograph 
(A) 60-cycle sine wave 


(B) D-c pulses 

(C) 60-cycle wave with initial offset 
(D) Transformer magnetizing current 
(E) Complex wave form 


critical, is adjusted for optimum perform- 
ance by this series resistor. 

The amplifier contains a tuned section 
which operates at 40 kc, the second har- 
monic frequency of the exciting current 
to the pickup, a rectifier-detector, and a 
d-c amplifier to drive the pen and ink 
transcriber. 

The tuned amplifier section is conven- 
tional but uses a sharp cut-off pentode 
amplifier tube to maintain a more linear 
relation between input and output at 
high signal levels. Here too, the high 
amplification possible in tuned ampli- 
fiers is used to advantage. The first part 
of the detector-rectifier circuit is con- 
ventional, but in order to handle the 
transcription of d-c phenomena from the 
tape the detector must be direct coupled 
to the d-c amplifier section. Here a d-c 
bias voltage is inserted to cancel the re- 
sidual voltage produced by the unidirec- 
tional magnetic bias field applied to the 
pick-up head to obtain properly polarized 
performance and to shift operation to the 
best part of the magnetization charac- 
teristic illustrated by Figure 3. A sche- 
matic diagram of the electronic amplifier 
is shown in Figure 4. 

The only unusual feature of the tape 
drive mechanism is that an adjustable 
speed drive having a range of from 2 to 15 
inches per second is provided. A moder- 
ate tape speed is used for recording and a 
low tape speed is used for transcribing in 
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order to bring the frequency of the quan- 
tity being transcribed within the range of 
accurate response of the transcribing pen. 
Actual tape speeds used in the tests will 
be described later. 

The instrument used for transcribing 
the records has chart speeds of 5, 25, and 
125 millimeters per second. The pen 
driving element is capable of reasonably 
flat frequency response up to 30 cycles per 
second. The instrument is of commercial 
design and needs no further description 
here. 


Test Results 


The minimum tape speed of 2 inches 
per second afforded by the tape drive 
mechanism produced satisfactory defi- 
nition and amplitude in recordings of 60- 
cycle currents as determined by examina- 
tion of the play-back with an oscillo- 
scope. However, at this speed appre- 
ciable distortion occurs because the pole 
face width is an appreciable increment of 
the wave length. Recordings which were 
to be transcribed were made at higher 
tape speeds in order to reduce the fre- 
quency during transcription to within the 
flat frequency response range of the tran- 
scriber pen or to obtain sufficient time 
spread on the transcriber chart. For this 
reason tape speeds of from 5 to 15 inches 
per second were used in recording and 
tape speeds of from 2 to 5 inches per 
second were used in transcribing the 
records. Distortion due to pole face width 
was thereby limited to 1 per cent or less. 

Samples of the results obtained are 
shown in Figure 5. These sample oscillo- 
grams are selected to illustrate the ca- 
pability of this form of recording. Figure 
5(A) shows a 60-cycle sine wave. Note 
that the time spread is greater than ordi- 
narily obtainable with an automatic oscil- 
lograph. It is of interest to note that the 
time spread may be adjusted during the 
transcribing process to any value desired 
by controlling the relation between re- 
corder tape speed and transcriber chart 
speed. Figure 5(B) shows the capability 
of the apparatus for resolving and re- 
producing d-c pulses. The pulses shown 
are of 3 seconds minimum duration and 
were transcribed at the same speed as re- 
corded. The curvature of the chart 
ordinate due to the circular movement of 
the pen arm is evident. A recorder which 
transcribes onto a rectangular scale chart 
would be preferable. 

The recording of an alternating current 
with an initial offset shown in Figure 5(C) 
is of interest in that it shows the ca- 
pability of the system to record and repro- 
duce both d-c and a-c components. This 
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current was produced in a reactor and 
hence shows only a d-c decrement. The 
a-c decrement commonly visible in the 
short circuit current from synchronous 
machines is necessarily absent. 

The trace shown in Figure 5(D) shows 
the distorted wave form of the exciting 
current of a transformer. The trace of 
Figure 5(E) was produced from a record- 
ing of a 60-cycle sine wave on a tape from 
which the previous higher frequency re- 
cording was not completely erased. It 
demonstrates the capability of the ap- 
paratus to transcribe a complex wave 
from the tape. 


Possibilities of Practical 
Automatic Recorder 


The principles and capabilities of the 
recording and transcribing scheme having 
been demonstrated, consideration of the 
possibilities of a design for employing the 
advantages of this magnetic recording 
technique for power system automatic 
oscillographic work will now be con- 
sidered. 

The burden imposed by a recording 
head upon the circuit to be monitored 
may be made very small. In the experi- 
mental model 0.04-volt-ampere was suffi- 
cient to utilize the full magnetic range of 
the tape. Unlike the Duddell type 
galvanometers of conventional oscillo- 
graphs with their inherent low impedance, 
the recording heads for magnetic record- 
ing can be constructed with a wide range 
of impedances. If minimum burden is of 
importance with the circuits to be moni- 
tored the windings of the recording heads 
can be proportioned accordingly. Cur- 
rent shunts can be eliminated if necessary. 
High impedance windings on recording 
heads for potential circuits will reduce the 
current requirement to a small fraction of 
that required by conventional oscillo- 
graphs. 

Since the currents or voltages from 
power circuits may be recorded directly, 
without amplification, design may be ex- 
panded to provide additional recording 


channels by increasing the width of the 
tape and providing additional record 
heads. A 4-inch tape width should ac- 
commodate 12 channels with adequate 
margin between recorded paths. Con- 
tinuous recording and erasing would elim- 
inate fast starting mechanisms but a 
time delayed stop mechanism arranged 
for tripping by certain transients would be 
required. An endless belt 30 inches in 
circumference driven at a speed of 6 
inches per second would permit preserving 
up to 5 seconds of power system phe- 
nomena including a section of steady state 
conditions prior to the transient. This 
would be equivalent to a 5-foot record 
from a conventional automatic oscillo- 
graph, although conventional automatic 
oscillograms average about 2 feet in 
length. The transients are usually con- 
tained within a 1-foot section. 

If it is considered essential that the 
oscillograph be capable of producing a rec- 
ord of unlimited length, or several 
records in rapid succession, equipment 
could be arranged to automatically 
transfer the magnetic impressions from 
the endless belt to a stand-by supply of 
magnetic recording material by a rapid 
“contact printing’’ process in the presence 
of a high-frequency field. The fault or 
transient detector would then operate to 
engage the transfer apparatus and the 
endless belt would never be stopped. 

One oscillator and amplifier channel 
should be adequate for any reasonable 
number of recorded traces. Transcribing 
of the traces can be performed one at a 
time, requiring only one pen and ink 
transcriber and one pickup head. The 
time required for transcribing 12 traces 
would be in the order of 2 minutes—less 
time than required for photographic proc- 
essing exclusive of washing and drying. 
Time marking of all traces simultaneously 
as they are recorded could be accom- 
plished by linking all of the recording 
heads by a pulsed timing circuit operated 
by a cam on the tape drive synchronous 
motor or by an independent timing cir- 
cuit. Matching of the independently 


transcribed traces could readily /be ef. 
fected by the timing marks. Automatic 
and continuous calibration of all traces 
could be effected by controlling the mag: 
nitude of the timing circuit pulses to 4 
known value. 


Conclusion 


The advantages of flexibility ,in re: 
cording and transcribing speeds, the smal 
amount of equipment required for re: 
cording a large number of quantities, the 
facility for recording a period of steady 
state conditions prior to a transient, the 
use of small quantities of low cost ma. 
terial for recording, the elimination o: 
need for a dark room and wet photo. 
graphic processing, and the time saved ir 
obtaining usable records, appear to rec: 
ommend this form of recording, es: 
pecially for power system automatic 
oscillography. The large number o! 
traces which can easily be recorded, the 
flexibility of speeds, and the eliminatior 
of the delay and inconvenience of photo: 
graphic processing represent especially de- 
sirable features for field or laboratory 
oscillographic work. The unique fact 
that any number of graphical transcrip. 
tions may be made from any recording 
may be found an advantage in either ap: 
plication. 
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Discussion 


Lenard R. Engvall (Bureau of Reclamation, 
Coulee Dam, Wash.): The authors of this 
paper appear to have solved the fundamental 
problems in the use of magnetic tape for 
oscillography, and pointed the way in which 
development can proceed. For much rou- 
tine field work, such as checking the timing 
and adjustment of circuit breakers, the 
accuracy and speed of response described is 
already ample. Such an instrument, com- 
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pactly designed and readily portable should 
find many applications. The advantages 
pointed out in the conclusion are particu- 
larly applicable here. 

A satisfactory automatic oscillograph 
based on magnetic tape recording would 
require extensive testing to prove its reli- 
ability. Its development, however, is highly 
desirable. High and uniform starting speed 
of the conventional automatic oscillograph 
during system trouble has always been a 
problem, and is becoming more important 
as the operating speed of relays and circuit 
breakers increases. The ‘anticipator’’ 


feature of the tape recorder, permitting 
reproduction of system conditions during 
the total fault time as well as a predeter- 
mined time prior to the fault, is therefore 
not merely an incidental feature but an 
important consideration. 

As an indication of the possibilities o! 
using an endless belt tape for such recording 
with immediate reproduction of records, 
during which time the tape would be un. 
available, an examination was made of the 
system fault records at the switchyards of 
the Grand Coulee Power Plant, Columbia 
Basin Project, Coulee Dam, Wash. Over a 
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period of 3 years, about 5 per cent of the 
records would have been missed by allowing 
a reproducing time of 2 minutes after each 
record, but this would be reduced to 1 
per cent by decreasing the cycle to 1 minute. 


E. C. Schurch and F. R. Schleif: Mr. 
Engyvall’s comments are appropriate and a 
valuable contribution to the subject. His 
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experience data on the number of records 
that would have been lost by allowing re- 
producing times of 1 or 2 minutes during 
which the recording feature may be unavail- 
able, to us indicate that in only the most 
important applications would it be neces- 
sary to employ the rapid ‘‘contact printing”’ 
transfer process mentioned in the paper and 
reference 5 of the paper. This transfer 
process could be started and stopped auto- 


Some Engineering Applications of the 
Electrolytic Field Analyzer 
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ANY of the problems encountered 

by the electrical engineer require for 
their solution the determination of poten- 
tial fields) He may wish to know the 
electrical stresses on the insulation in an 
apparatus, the a-c resistance of a group 
of conductors, or the hot-spot tempera- 
ture on a transformer core. The mathe- 
matical solution to such problems is 
usually very arduous if not impossible. 
Direct measurements on conducting 
models, however, often provide answers 
quite rapidly and conveniently to even 
rather complex problems. 

The electrolytic field analyzer or elec- 
trolytic tank is a device for measuring by 
analogy the physical quantities repre- 
senting conditions in materials subjected 
to electric, magnetic, thermal, or other 
fields. Voltage and current are applied 
and measured around models consisting 
of conductors and insulators immersed in 
anelectrolyte. The principle is an old one 
familiar to many engineers. Special cir- 
cuits and model techniques have, how- 
ever, permitted its extension to problems 
for which this instrument is not usually 
considered appropriate. 

It has been found possible, for example, 
to represent the flow of heat in a material 
whose conductivity changes with direc- 
tion, by distorting the shape of the model. 
A tank of special shape has been devised 
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for the study of the magnetic field around 
circular coils. (The tank used for axially 
symmetric electric fields is of different 
shape.) Under certain conditions the 
distribution of high-frequency currents in 
conductors can be determined by setting 
up. similar conductors in an electrolyte. 
A technique also has been worked out for 
the more difficult low-frequency condi- 
tion, when it is necessary to connect 
capacitors in series with small electrodes 
to obtain the correct current distribution. 
A guarded bridge circuit has been used 
to determine the direct capacitance be- 
tween any two conductors of a group by 
measurement of the resistance between 
electrodes of a model. These techniques 
have been applied by the authors during 
the past few years, in two industrial 
laboratories connected with the design of 
electric apparatus. The field plots and 
other data used to illustrate the discus- 
sion were obtained in the course of this 
work. 


matically to preserve desired records while 
the endless belt is in motion. In this case, 
recording on the endless belt would be con- 
tinuous. However, in the majority of appli- 
cations 100 per cent availability of the os- 
cillographic equipment is not required, nor 
is it often actually realized with presently 
available equipment. An availability of 95 
per cent would be a very satisfactory 
economic compromise. 


Table I summarizes the more important 
fields that may be studied by means of the 
electrolytic field analyzer. The present 
paper is concerned mainly with field types 
one through four. All of these fields are 
governed by similar laws; but field 
number three, the flow of an electric cur- 
rent in a conducting medium, is that of 
the electrolytic field analyzer itself. It is 
chosen to represent other fields because 
it is the simplest to control and measure. 

Practical considerations may impose 
limitations on the types of problems that 
can be solved by this method. Some 
symmetry may be required for electro- 
static fields in composite dielectrics or for 
magnetic fields due to electric currents. 
Though usually applied to static fields, 
the instrument may handle certain dy- 
namic problems if lumped impedance ele- 
ments are connected externally to the 
model. 

Certain quantitative relations are 
needed to convert the data supplied by the 
field analyzer into quantities which char- 
acterize the “initial” field. (It is con- 
venient to refer to the field of interest as 
the initial field and to its analogue in the 
field analyzer as the model.) These rela- 
tions are derived in the Appendix, which 
discusses the model scale factors and 
which is intended to supply the necessary 
theoretical justification for the model 
techniques presented here. 


Table |. Fields which may be Studied by Means of the Electrolytic Field Analyzer 
| Fundamental Variables 
Field Type Potential Flux Examples 
Watelectrostatiec:,. 0). .ceee a Voltage. o.). csi cities Electrostatic flux. .Electrical stresses about a 
bushing or between wind- 
ings of a transformer 
2. WMiaradetic.. <..3. unter Magnetic potential........ Magnetic flux,.... Leakage inductance of trans- 
former windings. Field in 
the air gap of a motor 
3. Resistive flow of elec-.. Voltage.........ceeeca00: Cucren tissue seen End ring of an induction 
tric current motor. Current flow from 
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General Construction and Operation 
of the Electrolytic Field Analyzer 


Although the general principles have 
been discussed by others,'?:* they will be 
outlined briefly. The basic equipment, 
sketched in Figure 1, comprises: the elec- 
trolytic tank and model; the external 
electric circuit; and a pantograph. The 
probe and bridge circuit measures the 
voltage at any point of the model with 
respect to some one fixed electrode, This 
voltage is conveniently expressed as a 
percentage of the total applied to the 
model. With the bridge arms set at any 
desired ratio the corresponding equipoten- 
tial line may be traced with the panto- 
graph, by moving the probe from point to 
point where a balance is shown on the null 
indicator. Although some workers‘5§ 
have constructed servo devices for auto- 
matic plotting, the labor of manual plot- 


Figure 2. Equipment for field analysis 


Figure 3 (above). 


PLOTTING BOARD 


ting with a pantograph may be much less 
than that of constructing a complicated 
model. F 

Figure 2 shows the field analyzer equip- 
ment arranged with a vertical plotting 
board. By substituting different tanks 
for different problems, one may use either 
a deep tank, or a shallow tank with a 
bottom that may be flat, sloping, or of 
hyperbolic contour. 

An alternating voltage of about 1,000 
cycles per second is supplied to the model. 
At lower frequencies errors may be caused 
by electrolytic films at the electrodes, 
whereas stray capacitances become 
troublesome at high frequencies. Be- 
cause of its phase indication and rapid 
response a cathode-ray oscilloscope makes 
a good null indicator. 

It is possible to use tap water (resistiv- 
ity about 10,000-ohm centimeter) as the 
electrolyte. The electrodes, preferably 
copper, should be clean and the water re- 
newed each day. 
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Figure 1 (left). Elements of the electrolytic field analyzer. 
consists of tank, electrolyte, and the electrodes A and B 


The model 


Potential field of a glass bushing obtained with the 
electrolytic field analyzer. The contours are equipotential lines with the 
voltage of each indicated as a percentage of the total applied voltage 


If it is desired to measure the resistance 
between two electrodes of the model, a 
third calibrated variable resistor may be 
connected in series with the electrodes so 
as to form a Wheatstone bridge. When 
the model requires a number of electrodes 
carrying specified currents, the electrodes 
may be connected to the generator circuit 
through individually variable series re- 
sistors. Also, one or more additional 
voltage dividers may be connected across 
the generator to maintain various elec- 
trodes at specified voltages. 


Models for Plotting Equipotential 
Lines in Electrostatic Fields 


The electrolytic field analyzer is es- 
pecially well suited to the study of elec- 
tric fields. In this connection it may be 
used to help in the design of insulation for 
high-voltage equipment,’ to predict 
stresses on dielectric materials under test 
or to determine capacitances. For equi- 
potential plots the model is constructed so 
that: electrodes have the same shape and 
position as those in the initial structure; 
and the electrolyte in the model has a 
conductivity which is everywhere propor- 
tional to the dielectric constant of the 
initial medium. Because of the practical 
difficulty of maintaining liquids with 
different conductivities, the application 
of the electrolytic field analyzer to prob- 
lems involving several dielectrics is 
usually restricted to fields with sufficient 
symmetry to permit the use of a cross- 
sectional model in a shallow tank. 


Symmetry Considerations 


Geometries of two special types which 
lead to important simplifications in model 
construction are those of “translational” 
and “rotational” symmetry. Transla- 
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EQUIPOTENTIAL 
LINES 


Figure 4. Guarded bridge circuit used with an electrolytic model for 
the determination of the partial capacitance between electrodes A and B 


tional symmetry is represented by a group 
of long, straight, parallel conductors like a 
3-phase cable or a system of bus bars. 
Rotational symmetry is that of a figure of 
revolution like a high-voltage bushing or 
a coaxial cable. For translational sym- 
metry one uses a flat, shallow tank which 
represents a cross section of the initial 
structure. With rotational symmetry the 
model represents a wedge-shaped segment 
of the initial structure. This is set up ina 
tank with a sloping bottom, The axis of 
symmetry is the “‘shore line’ where the 
top and bottom surfaces of the water 
meet. 

If additional planes of symmetry are 
present, other portions of the model may 
be eliminated and the model enlarged to 
permit greater accuracy. 


Composite Dielectrics 


In the shallow tanks used for trans- 
lational or rotational symmetry, it is pos- 
sible to separate by special walls the 
liquids which represent various dielec- 
trices. Fine, closely spaced, vertical, con- 
ducting, hair-pin paths carry the current 
over thin insulating barriers.§ 

The results of this technique are illus- 
trated in Figure 3, an equipotential plot 
of the field around a glass bushing used on 
large capacitors. Askarel, glass and air 
were represented by electrolytes of dif- 
ferent conductivities in a sloping tank. 

With models of translational symmetry 
the conducting medium may be charac- 
terized by the ‘“‘conductance per square.” 
This is the specific conductivity of the 
electrolyte multiplied by the depth, and is 
similar to the surface conductivity of a 
material. It is the conductance measured 
between two plane vertical electrodes ex- 
tending across a rectangular tank which 
has vertical insulating sides and a width 
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Figure 5 (right), The 

electrostatic field about a 

gas inclusion in porcelain 

near oil. Different models 

were used for the two types 
of lines 


PORCELAIN 


equal to the separation of the electrodes. 
Practically, it may be determined by 
measuring the conductance between two 
vertical concentric cylinders placed in the 
tank and multiplying by an appropriate 
geometrical factor. 

For translational symmetry, it is suffi- 
cient that the conductance per square be 
everywhere proportional to the dielectric 
constant. Itis, therefore, possible to rep- 
resent different dielectrics by variations 
in the depth of a single electrolyte with a 
constant specific conductivity. Even a 
dielectric whose permittivity changes 
gradually and continuously from point to 
point may be represented in this way. 
Where it changes abruptly, however, a 
line of vertical conducting pins should be 
placed along the edge of the step. Other- 
wise the step will distort the current pat- 
tern and cause a spurious voltage drop. 
When this technique is used in the sloping 
tank, the jangle of slope is everywhere 
proportional to the dielectric constant; 
the change in depth at a boundary of the 
dielectric is the same as in a flat tank. 


Capacitance Determination 


The capacitance between two elec- 
trodes of the initial structure may be de- 
termined from a measurement of the re- 
sistance between corresponding electrodes 
of the model. For translational sym- 
metry, the capacitance between two par- 
allel conductors, per-unit length of one of 
the conductors, is «/oR where R is the 
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resistance of the model, o is the conduct- 
ance per square of the electrolyte, and 
e is the permittivity (inductive capacity) 
of the initial medium. ‘This relation is 
developed in the Appendix. If R and o 
are in ohms and mhos and € is in ration- 
alized meter-kilogram-second units, the 
resulting capacitance is expressed in 
farads per meter of conductor length. 

If there are more than two conductors, 
the direct capacitance between any two 
(also called “partial” capacitance) may 
be determined from an electrolytic model 
using a guarded resistance bridge. This 
circuit is shown in Figure 4, connected 
so as to determine the capacitance be- 
tween electrodes A and B. Electrode 
G in this diagram represents all the other 
conductors in the problem. The resist- 
ance Ry, is the partial resistance be- 
tween electrodes A and B. With the 
null detector connected to B one adjusts 
R;s0 as to bring B and G to the same po- 
tential. The null detectoris then switched 
over to the voltage divider (R, and 
R») which also is adjusted for a null read- 
ing. Then Ryg = RiR;/R, and the cor- 
responding capacitance is €/o Rap. 


Electrostatic Flux Plotting 


By the methods already described, one 
plots equipotential lines of a model which 
correspond to equipotential lines of the 
initial electrostatic problem. For prob- 
lems of translational symmetry, it is 
possible to construct a model whose 
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Figure 6, Magnetic flux lines in 4 portion of a pulse transformer winding. 
ber denotes flux linkage with respect to conductor number one. 
conductor under pulse conditions, this number is constant for each conductor 


equipotential lines correspond to flux 
lines of the initial problem. In such a 
model, insulators are used to represent 
conductors of the initial problem, and the 
conductance per square of the electrolyte 
is made inversely proportional to the die- 
lectric constant, Wleetrodes of the model 
are constructed to follow 


lines of the initial field, 


certain flux 
This is known as 
the conjugate or orthogonal method, 

ligure 5 is a plot made from electro- 
lytic models showing both equipotential 
lines and flux lines about a gas inclusion 
in porcelain near the porcelain surface. 
Because this problem was set up in the 
flat tank, the gas inclusion was represented 
as a cylinder, ‘This approximates an 
actual inclusion which would be roughly 
spherical. 


Magnetic Fields at High Frequencies 


The most convenient method for plot- 
ling magnetic fields produced by electric 
currents is that which represents the 
initial magnetic flux lines as potential 
lines of the model: that is, the orthogonal 
representation,” ‘The most tractable fields 
are those of translational symmetry at 
frequencies high enough so that currents 
flow only on the conductor surfaces (skin 
effect) but not so high that displacement 
currents are significant, For such fields, 
each conductor in the initial problem is 
accurately represented by a solid con- 
duetor of the same cross-sectional shape 
in the model, The current supplied by 
the external ecireuit to each conductor in 
the model is adjusted so as to be propor- 
tional to the total eurrent flowing along 
the corresponding conductor of the initial 
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An uncircled num- 
As very little flux penetrates a 


The distribution of current 
density over each conductor surface is 
then found to be the same in the model 
as in the initial structure. (The direc- 
tion of this current is, of course, normal to 
the conductor surface in the model but 
along the surface in the initial problem.) 
Magnetic fields due to short pulse or 
transient currents may also be represented 
in this way, At any frequency it is cor- 
rect to choose the conductance o of the 
electrolyte so as to be everywhere in- 
versely proportional to the magnetic 
permeability y of the initial structure. 
Ferromagnetic materials of very high 
permeability may often be represented as 
insulators. 


problem, 


If two long, parallel conductors are 
connected together at one end, the self 
inductance of the loop per-unit length of 
one conductor is wok, where R is the re- 


sistance measured between corresponding 
conductors of the model, Similar ex- 
pressions may be obtained for the mutual 
inductance or the leakage inductance 
among several conductors. 

Figure 6 shows the magnetic flux dis- 
tribution in a portion of the winding of a 
pulse transformer, plotted by the orthog- 
onal method. Conductor (1) was in the 
low-voltage winding and all others were 
in the high-voltage winding. The same 
model with different connections was used 
to measure leakage inductance, inter- 
winding capacitance, and electric field 
intensities, 


Quantitative Relations Between 
Model and Prototype 


Table II exhibits the correspondence 
between pairs of quantities which char- 
acterize electrostatic or magnetic fields 
of translational symmetry and their elec- 
trolytic models. Similar relations hold 
for fields of rotational symmetry and, in 
the case of electrostatics, for fields with- 
out symmetry. Their derivation is 
sketched in the Appendix. The expres- 
sions already given for capacitance and in- 
ductance follow from entries 3 and 8 of 
the table. 


Flux Fields of Rotational Symmetry 


It is possible to represent magnetic 
fields of rotational symmetry by the 
orthogonal method. In regions where the 
permeability is constant, the depth of the 
tank is made inversely proportional to 
the radius (measured from the axis of 
symmetry). This is in contrast to the 
direct representation for which one uses 
a sloping tank of depth proportional to 
the radius. This allows the convenient 
representation of circular windings. The 


Table Il. Analogous Quantities for Fields of Translational Symmetry 
Blectrostatic Field Scale Magnetic Field 
Direct Representation Factor Electrolytic Model Orthogonal Representation 
1, Length and co-ordi- si... @ ...Sm Si 
nates of position 
2. Voltage Dowie ale VM VOR ee cp ihitet car sie Gotta ceteis y Flux per-unit length 
3. Permittivity Me re) .¢@ Conductance per square....1/4 Reciprocal of the perme-_ 
ability 
4, Wield intensity Bivins 0/@ Goat Field intensify. «son ae B Flux density 
5. Flux density DD... kb/a ... 4 Current density per-unit... HW Field intensity 
length 
6, Charge (or flux) per- @q.,. kb pe SOCAL CUSTER Eien sun's cee U Total current 
unit length \ 
7. Charge density m... kb/a?...p Density of current... « Current density  per- 
sources per-unit area unit area 
8. Reciprocal of capaci- 1/c.,.. 1/k oR), Resistance: ssimnive senses 1 Inductance per-unit 
tance per-unit length 
length 
9. <Baulpotentlaleien, «.. +.0/sis nrcasiastaliteitans Equipotential lines.............. Flux lines 


Any magnetic or electrostatic quantity is equal to the seale factor times the corresponding quantity for the 


model when expressed in rationalized meter-kilogram-second units, 


and D but at right angles to B and I, 
arbitrarily, 
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F and i are in the same direction as E 


The scale factors a, 6, and k are independent and may be chosen 
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method has some practical limitations 
which do not apply to the sloping tank. 
The change in depth must be sufficiently 
gradual so that current flow is every- 
where essentially horizontal. The model 
must be so proportioned that the region 
of interest is not too close to the deep 
part of the tank near the axis where the 
depth changes rapidly. A conducting 
Nt : 

surface is placed near the axis to replace 
the portion of the tank where the depth 
would otherwise become infinite and may 
be used as the return circuit for the cur- 
rents supplied to the conductors repre- 
senting the winding. 

A tank of the same shape may be used 
for flux plotting in electrostatic fields of 
rotationalsymmetry. 


Magnetic Fields at Low Frequencies 


At frequencies below those at which 
skin effect predominates, the currents in 
the initial problem are distributed over 
the cross section of each conductor, It 
may then be necessary to use special meth- 
ods to insure that the currents introduced 
into the model from the external circuit 
are correctly distributed and have the 
proper phase at each point. 

At very low frequencies the currents 
are distributed over the cross section of 
an initial conductor uniformly and in 
phase. In the model the corresponding 
conductor, which would be solid in a high- 
frequency problem, now is broken up into 
an array of uniformly spaced vertical 
pins or small electrodes distributed over 
the area representing the cross section of 
the initial conductor. Equal current is 
supplied to each small electrode from an 
individual, variable, series resistor which 
is adjusted by trial and error. An alter- 
native is the use of fixed series resistors of 
very high resistance. The number of 
electrodes which should be used to repre- 
sent a given conductor (that is, the ex- 
tent to which the subdivision should be 
carried) will depend on the size of the ini- 
tial conductor and on the accuracy re- 
quired. Karasev uses a block of re- 
sistance material which makes contact 
with the surface of the electrolyte. 


Table Ill. Current Distribution Determined by 
the Field Analyzer for the Bus System of 
Figure 7 


Per Cent of Total /?R 
Loss in Each Bar 


Bar Number 


1951, Votumr 70 


WALL 


ELECTROLYTE 


CONDUCTING 


WALL 


GENERATOR 


INSULATING 


ELECTRODES 


OEP aE DL LP LP LL LL LA A PL A PA «PPA AA A i AL 


Figure 7. Model of a system of parallel bus bars for the determination of the distribution of 
current flowing under the influence of resistance and magnetic induction 


At intermediate frequencies the con- 
ductor is subdivided in the same way. 
Instead of a resistor, however, one con- 
nects in series with each small electrode 
a capacitance equal to f,uo/fmr, where T 
is the d-c resistance per-unit length of 
the conductor or portion of a conductor in 
the initial problem corresponding to the 
area of the model apportioned to that 
particular electrode. The frequencies f; 
and f,, are those of the initial problem and 
model respectively. The drop in the 
capacitor corresponds to the resistive drop 
in the initial problem and the drop in the 
electrolyte to the inductive voltage drop. 
In principle, the representation may be 
made exact provided a sufficiently large 
number of very small electrodes are used. 

Figure 7 illustrates a model of this 
kind which was used in a problem of bus 
bar design. As the initial structure was 
symmetrical about two perpendicular 
planes, the model comprised only one 
quadrant of the cross section. One sym- 
metry plane divided two groups of busses 
carrying opposing currents. In the model 
this plane was replaced by a conducting 
wall. The other symmetry plane, which 
bisected each bus bar, was replaced 
by an insulating wall. In this way, one 
half of the bus bars were eliminated com- 
pletely and, of the remaining four bars, 
one half of each was included in the model. 
As two electrodes occupied an area cor- 
responding to one half of the cross sec- 
tion of a bus bar, each electrode repre- 
sented one quarter of a complete bus bar. 
An external resistor was also connected 
in series with each electrode to represent 


Farr, Wilson—A pplications of the Electrolytic Field Analyzer 


approximately the internal inductive 
effects for that portion of the conductor: 
that is, the drop that should occur in the 
electrolyte replaced by the conductor. 
Current from one generator terminal flows 
through the capacitors and resistors to 
the various electrodes, then through the 
electrolyte to the conducting wall of the 
tank, and back to the generator. 

No equipotential plot is necessary for 
this test. A measurement of the voltage 
at each electrode allows a determination 
of the J?R loss in the corresponding por- 
tion of the bus bar. The total power loss 
for each bar is shown in Table III, for a 
power frequency of f; = 60 cycles per 
second. The current distribution is evi- 
dently very nonuniform, 


Resistive Current Flow 


For problems involving the flow of elec- 
tric current through a medium obeying 
Ohm’s law, the correspondence with the 
electrolytic model is not by an analogy 
but is direct. Regions in the initial prob- 
lem which differ in conductivity are rep- 
resented by electrolytes of proportional 
conductivity. 

Figure 8, for example, shows the po- 
tential field throughout one of a pair of 
contacts in a circuit breaker. Each con- 
tact consists of an arc-resistant alloy 
plate brazed to a copper backing. This 
plot was made to show the effect of an 
incomplete braze. The alloy and the 
copper backing were represented in the 
model by electrolytes of different con- 
ductivities. 
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Voltage field produced by current flowing in a circuit-breaker contact assembly. 


The contours are equipotentials taken at intervals of 1 or 5 per cent of the total voltage applied 


to the model. 


The complete assembly includes two identical contacts of which only one is 
shown, and which make contact along the 100 per cent equipotential line. 
barrier in the model represents an incomplete braze. 


The insulating 


Elec- 


Values of p indicate resistivity. 


trodes in the model were along the O and 100 per cent equipotentials 


Steady State Conductive Heat Flow 
in an Anisotropic Medium with 
Distributed Sources 


The field analyzer also is well suited 
to the solution of problems in the con- 
ductive, steady-state flow of heat. Volt- 
age in the model corresponds to temper- 
ature T and current density to heat flow 
hin watts per square inch. 

Figure 9 is a temperature plot repre- 
senting conditions in a transformer core. 
By taking advantage of the translational 
symmetry and of the two planes of mirror 
symmetry in the core, the model may be 
set up in a flat shallow tank covering an 
area corresponding to one quarter of the 
core cross section. The model presents 
several unusual problems, Corresponding 
to the fact that heat is generated uni- 
formly throughout the core, current is 
introduced into the model through an 
array of vertical pins, uniformly spaced. 
One terminal of the generator is con- 
nected to these pins through series re- 
sistors which apportion equal currents 
to each pin. The heat conductivity 
(which corresponds to the electrical con- 
ductivity of the electrolyte) is higher 
along the laminations than across them. 
This situation is accurately represented 
by “‘stretching’” the model in the direc- 
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tion perpendicular to the laminations by 
an amount equal to the square root of the 
ratio of the heat conductivities in the two 
directions. In the oil around the outside 
of the core, there is an abrupt tempera- 
ture drop from the metal surface tem- 
perature to the constant temperature of 
the main body of oil. To represent this 
condition, small electrodes are placed 
along the two sides of the tank correspond- 


ing to the metal-oil boundary. Hach 
of these electrodes is connected through 
a series resistor to the other terminal of 
the generator. The voltage at this ter- 
minal represents the temperature of the 
ambient oil, and the drop in the resistors, 
the temperature drop at the metal sur- 
face. These resistors are adjusted by trial 
and error in accordance with known laws 
of heat convection in oil. Thus, current 
flows from one generator terminal through 
resistors to pins distributed throughout 
the tank, through the electrolyte to the 
electrodes along the tank wall, then 
through other resistors to the other gen- 
erator terminal. 


Conclusions 


The electrolytic field analyzer can 
supply answers to a surprising range of 
problems. It may be used not only to 
map fields, but to provide numerical 
values of such quantities as inductance, 
capacitance and a-c resistance. Although 
the accuracy may be poor for unfavorable 
geometries, it can be made quite satis- 
factory in many practical problems by 
observing certain precautions. A careful 
study of the theory of fields and models 
will often allow the application of the 
instrument to be extended to unusual 
problems by using special models or ex- 
ternal circuits. Experience with the 
electrolytic field analyzer leads to an in- 
tuitive grasp of the analogies between 
fields of different types, which is very 
helpful in visualizing particular problems 
even when the instrument is not directly 
employed. The cost of assembling the 
basic equipment is low enough to be offset 
by the successful solution of even one or 
two important problems. 
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Figure 9. Temperatures in a cross section through one quarter of a transformer core. The con- 
tours are isothermal lines representing the temperature rise T in degree C with respect to the 
surrounding oil. No isothermal lines appear in the oil which is at a uniform temperature (T =0) 
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Appendix |. Mathematical 
Theory 


The following analysis is made in terms 
of the rationalized meter-kilogram-second 
system of electromagnetic units. 


Electrostatic Fields 


The potential ¢ in an electrostatic field is 
determined by the equation 


V-Vdé=—m (1) 


where m is the charge density and « is the 
permittivity. In a linear electrolyte, the 
voltage V satisfies the equation 


V:-ywV=-P (2) 


where y is the conductivity, and P is the 
density of the current which is introduced 
into the electrolyte from an external circuit, 
measured per-tnit volume of the electro- 
lyte. Itisclear that V and ¢ will be every- 
where the same if the source densities P and 
m and medium constants y and e are re- 
spectively equal at all points. Equation 2 
involves four quantities P, V, y and length, 
the last entering through the vector operator 
Vv. Three of these quantities can be scaled 
up or down at will; the remaining quantity 
will then bear a fixed ratio to its analogue in 
equation 1. Suppose scale factors a, 6 and 
kj are chosen for length, potential, and 


medium properties. Then 

Vm =aVi (3) 
o=bV (4) 
e=hoy (5) 


The subscripts 7 and m refer respectively to 
the initial field and to the model. Com- 
bining equations 1 through 5 results in the 
relation 


P=—m (6) 


for the source density scale factor. 

Seale factors for other quantities are 
readily found from those already known. 
Thus for the field gradients E and F of the 
initial and model field, 


b b 
=—V id= —-VnV=- F (7) 
a a 
Also 
k, k 
ere? prey (8) 
a a 


where D is the initial electrostatic displace- 
ment and J is the current density per-unit 
area in the model. The total charge on a 
conductor of the initial problem is 


0=Sf SD dA;=kbaf SJ dAm=kpbal 
(9) 


where J is the total current supplied from 
the external circuit to a conductor of the 
model. The integrals are taken over the 
conductor surface area§ A; and Am which 
are in the ratio a?. The capacitance be- 
tween two electrodes is 
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(10) 


where R is the resistance measured between 
electrodes of the model. When symmetry 
allows the elimination of certain portions of 
the initial structure, quantities like Q or C 
in the above equations apply only to the 
portion of the initial structure which is 
actually included in the model. 

In the flat tank the current flows parallel 
to the surface of the electrolyte. If his the 
depth of the electrolyte, one can define a 
current density 


th (11) 
amperes per-unit length of the electrolyte 
surface. Then V -i=p, where is the cur- 
rent introduced from the external circuit 
per-unit area of the electrolyte surface. 
It follows that 


V-oV V=—p (12) 
where 
o=hy (13) 


is the conductance per square of the elec- 
trolyte. If a new scale factor k=k,/h is 
used for translational symmetry, then 


e=ko (14) 


The scale factors a and } remain the same. 
The relations in Table II for electrostatic 
quantities are derived by using equations 6 
through 11 or by modifying their derivation 
and by the use of the relation {=cF. 


Magnetic Fields of Translational 
Symmetry 


The magnetic fields considered here are 
those due to electric currents, not including 
displacement currents. It will be assumed 
that the materials are linear. The flux 
density B and the field intensity H are then 
related by B=uH where uw depends on 
position but not on H. If B is derived from 
a vector potential A then, 


1 
V X-V XA=u (15) 
7 


where w is the current density. For trans- 
lational symmetry, derivatives with respect 
to z are zero, u is parallel to the z-axis and 
equation 15 reduces to Az=Ay,y=0 and 
Az,=w where 


1 
V --Vy=-—4 
au | 


(16) 


Here y depends only on x and y and V oper- 
ates only in these co-ordinates. Compari- 
son of equations 12 and 16 shows that this 
field may be represented in a flat tank if 


1 

-=ko (17) 

“ 

Then, since 

y=bV (18) 
kb 

per (19) 


Since B=V XA, it follows that By=dy/dy 
By=—0oy/dx, and B,=0. That is, Vy and 
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B are at right angles but are equal in magni- 
tude. Hence, magnetic flux lines coincide 
with equipotential lines of Y and V. The 
value of y at any point is equal to the total 
flux crossing a surface which is parallel to 
the gz axis, is of unit length in the z direction, 
and intersects the x-y plane along any curve 
which extends from the point where wy is 
measured to the reference point where y has 
the value zero. For ana-c magnetic field of 
angular frequency w the voltage per-unit 
length induced along a path parallel to the 
z-axis is 


B=joy (20) 


measured with respect to a reference con- 
ductor for which y=0. (Here, j = es) 
Item four in Table II follows from the fact 
that B=|Vy| and Vy=(b/a)F. The other 
relations in that table are found by methods 
similar to those used for the electrostatic 
case. 

At high frequencies, of course, in the 
space adjacent to the conductor, B is parallel 
to the conductor surface. This surface is, 
therefore, an equipotential surface for y and 
for V. It is then correct to represent con- 
ductors in the initial problem by conductors 
in the model. At low frequencies this is not 
necessarily true. 


Electrostatic Flux Plotting 


In simply-connected charge-free regions, 
D can be derived from a vector potential. 
Then for translational symmetry, 


vet Vy=0 (21) 
€ 

where W now represents the electrostatic flux 
function. The above restriction requires 
that the model be constructed so that the 
electrolyte does not completely enclose any 
region representing a conductor of the 
initial structure. 


Magnetic Fields of Rotational 
Symmetry 


In magnetic fields of rotational symmetry 
equation 15 may he expanded in cylindrical 
co-ordinates. The current u has compo- 
nents in only the @ direction and @ derivatives 
of the A components are zero. This leads to 


A, =A;=0 and 
oO] 1 O(rda) o[ 1 O(rAa) 
(ré "| (r o)=-1 (22) 

Oz ur Oz Or| ur Or 
where 7 is the distance from the axis. This 
time let 
v=rAe (23) 
Then equation 22 reduces to 

1 
V-—Vy=-u (24) 

mr 


where V operates in the variables r and z as 
though they were the rectangular co-ordi- 
nates x and y. 

Comparison of equations 12 and 24 shows 
that the field is accurately represented in a 
shallow tank provided the current densities 
are represented in the same manner as for 
translational symmetry and the conduc- 
tivity per square of the electrolyte varies as 
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where k; is a constant. From equation 13 
it is seen that the depth varies as 


1 


a (26) 
Riyur 


If a uniform electrolyte is used to represent 
a region of constant permeability y», then 4 
must be made proportional to 1/r and the 
tank cross section will be a hyperbola. 

From the foregoing analysis, relations 
similar to those in Table II may be obtained 
for rotational symmetry. 


Low-Frequency Magnetic Fields 


At low frequencies one may not know the 
current density vu. Equation 16 must then 
be replaced by one which relates the mag- 
netic flux function y to the applied voltage 
rather than to the current. Only trans- 
lational symmetry will be considered. The 
general equation for the electric gradient E 
in the initial magnetic field, 


V XE=—joV XA (27) 


is expanded in rectangular components. 
This leads to three differential equations 
that are satisfied by 


E,—atjov =0 (28) 


Here ais a potential such that e=zV a where 
e comprises the x and y components of E. 
All quantities in this equation are inde- 
pendent of z. Over the cross section of a 
conductor the potential a is equal to a con- 
stant value a» which represents the applied 
voltage per-unit length in the z direction. 
The induced voltage is, as was already 
pointed out, B=jwy. Finally, E, inside a 
conductor is the resistive drop per-unit 
length. If p is the resistivity of the con- 
ductor, equation (16) leads to 


1 
Ez =pu=— pV --Vy 
Mu 


(29) 


The combination of equations 20, 28, and 29 
results in 


4 1 
B4j —V--V B= an (30) 
ww pb 


inside a conductor. 
this reduces to 


Outside a conductor 


(31) 


In order to represent equations 30 and 31 
by an electrolytic model 3 will be associated 
with the voltage V of the model. On ac- 
count of equation 20 this is similar to the 
procedure adopted for high frequencies when 


y was associated with V. The region of the 
model which is to represent a conductor is 
broken up into a number of small areas into 
each of which current is introduced through 
a separate series capacitor cy, from a common 
source of voltage V». These capacitances 
are chosen so that ¢Cn=CoAn, where An 
is the area apportioned to the corre- 
sponding electrode and cp» is a constant. 
Then 


Jom 


which, when combined with equation 12, 
becomes 


1 


Com 


Viejo ave = Ve (33) 


This is satisfied by V in the region of current 
sources. In the remainder of the model 


V-oV V=0 (34) 


In order for equations 30 and 33 to be 
equivalent, the model conductivity must 
satisfy equation 17 and the capacities and 
frequencies must satisfy the relation, 


a? 
pa (35) 
Room wi 
The last equation is equivalent to 
WIT 
n= (36) 
OmT 


where 7 is the d-c resistance per-unit length 
of the conductor or section of a conductor in 
the initial device which corresponds to cy 
in the model. 

The relations given in Table II for mag- 
netic quantities remain unchanged. In the 
case of item eight, however, R is to be inter- 
preted as the equivalent series resistance of 
the model measured at the generator ter- 
minals so as to include the series capaci- 
tances with the model. The resultant / 
will then be the equivalent series inductance 
per unit length. If C is the effective series 
capacitance of the model, the a-c resistance 
of the corresponding conductor in the 
initial device is «;/(kwmC) per meter. 


Heat Flow in an Anisotropic Medium 


If the co-ordinate axes are chosen to coin- 
cide with the principal axes of the material, 
the heat flow h in watts per square inch 
and the temperature T are related by the 
equations, 


oT oT oT 


i= So Se eee 
z 8x Ox” hy &y oy’ hz &z ae 
(37) 


where gz, gy, and gz are the heat conduc- 
tivities along the x, yand zaxes. If heat is 
being generated at a rate of w watts per 


cubic inch throughout the material, then 
V -h=w. 

Hence, if the conductivity is the same 
at all points (medium homogeneous but 
anisotropic), 


oT oT 
—- — Ss 38 
2x one t 8 ay dai w (38) 


Suppose the model to be scaled so that 


amyl Xms mon an ss (39) 
£0 So £0 


where gy is a constant. Then, in terms of 
the model co-ordinates, equation 38 be- 
comes simply 
LoV m?*l = —w (40) 
For a uniform electrolyte (+=constant) 
equation 2 has thissameform. The voltage 
distribution in the model, therefore, repre- 
sents the temperature distribution provided 
that currents P are introduced into the 
model proportional to the rate w of heat 
generation. 

This principle may, of course, be applied 
to other fields such as electric or magnetic 
fields involving anisotropy in the per- 
mittivity or the permeability. 
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Discussion 


P. A. Abetti (General Electric Company, 
Pittsfield, Mass.): An electric machine may 
be considered as the site of several super- 
imposed fields, namely: an electric field, a 
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magnetic field, a current field, a field of 
mechanical forces, a field of conductive 
heat flow, a field of elastic forces in the ma- 
terial stressed by the mechanical forces, a 
field of fluid flow of the cooling medium. 
In some cases the transient response of the 
machine and its regulation characteristics 
are of interest. In order to meet the speci- 
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fications the designer must be able to 
analyze and modify these fields, with the 
ultimate aims of safety, simplicity, efficiency 
and economy. 

It is evident therefore that the accurate 
knowledge of these fields is essential for the 
electrical design engineer and useful for the 
power engineer, who writes the specifications 


‘ 
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and should make the best use of the ma- 

chine’s characteristics. 

These fields satisfy in general Laplace's 
or Poisson's equation and the problems to be 
solved require the integration of these 
equations, that is, the determination values 
of the unknown function at any point of the 
region of interest, for assigned values on the 
boundary: (a) of this function (Dirichlet’s 
problem), or (b) of its normal derivative 
(Neumann's problem), or (c) of a combina- 
tion of both (a) and (b). 

Aside from a purely mathematical “‘exact”’ 
solution, which is possible only for a limited 
number of cases, there are other “approxi- 
mate” methods, which yield results of ac- 
curacy required for practical purposes. 
These methods may be divided in: numeri- 
eal methods (iteration and relaxation proc- 
esses) graphical methods (free-hand flux 
plotting with the Lehmann procedure) and 
experimental method (by field analogy). 
It is the last method which has been dis- 
cussed by the authors, who have clearly 
shown its tremendous importance for the 
design of electric machinery. In fact, all 
the fields listed above are included in Table 
I of the paper, as well as the study of the 
transient performance of the apparatus. 

In order to compare the three methods of 
approximate solution, it is necessary to 
know their relative accuracy. It would be 
therefore very interesting if the authors 
would indicate the accuracy which may be 
obtained with the electrolytic field analyzer 
in the measurement of the voltages and 
especially of the gradients. In fact, the 
latter are often more interesting than the 
former to the designer, particularly when 
they vary rapidly with the position of the 
point in consideration. Recently a method 
for obtaining directly the gradient has been 
described in the technical literature.’ Are 
the authors planning to apply this method, 

or do they believe that it is better to 
measure directly and plot the voltages and 
then obtain the gradients from these volt- 
ages? It also would be very interesting to 
compare the three methods of approximate 
solution (numerical, graphical, and electro- 
lytic tank) with respect to the labor in- 
volved, the accuracy of the results, and ex- 
pense. In this comparison, allowance 
should be made for the time and expense 
necessary to build the model to be used in 
the tank. 

- Another type of field not mentioned by 

the authors may be studied‘ by means of the 

electrolytic field analyzer. This is the mo- 
tion of filtering liquids, which follows 

Darcy’s law, formally identical to Ohm’s law 
‘This application is of interest for the electri- 

cal industry, since the motion of water 
under a dam may be studied, in order to 

determine the uplift pressures which may 
ce the stability of the dam. Another 

‘possible application is to diffusion processes, 

lich also follow a law analogous to Ohm's 
aw. 

It is interesting to note that the principle 
the method of the electrolytic tank goes 
< to Kirchoff! himself (1845) and that 
y between current flow and the func- 
s of complex variables was first noted by 
xwell? (1881), 

Owever, the first practical applications 
made in the first years of this century 
id only in the recent years, as witnessed by 


ject, has there been a widespread interest 
in the electrolytic field analyzer. This fact 
is probably due to the ever-increasing re- 
quirements for faster, more accurate and 
rigorous solutions in the design of electric 
machinery which replace always more the 
empirical and semiempirical ‘“‘rules_ of 
thumb” used in the past. 

Finally it is worthwhile to mention that 
a complete bibliography of 64 items on the 
electrolytic field analyzer and on its applica- 
tions is contained in a recent article by 
Dadda.é 
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H. K, Farr and W. R. Wilson: The accuracy 
attainable and the labor involved in the 
use of the electrolytic field analyzer vary 
greatly depending on the type of problem, 
the quantity being measured and the extent 
of the precautions one is willing to take. 
It is possible, however, to make some 
rough comparisons with methods of hand 
plotting and numerical computation, re- 
specting accuracy and labor costs. 

For certain simple problems of transla- 
tional symmetry, hand plotting may com- 
pete with the electrolytic field analyzer on 
the basis of time but not accuracy. It is 
doubtful whether the numerical method of 
relaxation can compete in any case on the 
basis of time, although, for certain prob- 
lems, it might provide greater accuracy. 
The time required to build a model for the 
electrolytic field-analyzer varies from a few 
man hours to three or four man days, 
The cost of material is a few dollars. Set- 
ting up the model in the tank, mixing solu- 
tions, and making one or two plots will 
take about a l-ynan day. Once a model is 
set up it is possible, in one day, to make 
several plots involving minor changes. 

As regards atcuracy, hand plotting is in- 
ferior to the electrolytic method, Since the 
hand-plotted curves must be drawn some- 
what by eye, a certain amount of personal 
judgment is involved. 

In problems to which the relaxation 
method may be applied, the error may be 
reduced to as small a value as desired by 
repeating the relaxation a sufficient number 
of times and by proceeding to finer nets. 
This method is appropriate to problems of 
translational symmetry involving a uni- 
form medium, although the labor is usually 
considerable. For composite media or for 
rotational symmetry the computations be- 
come extremely tedious. 

The accuracy obtained with the electro- 
lytic field analyzer in specific applications 
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has been reported by other workers. Booth- 
royd, Cherry and Makar,! for example, 
claim an accuracy of 1 per cent in the 
determination of certain impedance func- 
tions by means of a “‘double”’ electrolytic 
tank which eliminates errors due to the 
tank boundary. Loeb et al* report values 
within 1 to 5 per cent of computed quanti- 
ties in the determination of the voltage 
around a hemispherically capped rod. 

In determining the turn-to-turn capaci- 
tances of a winding, by means of the circuit 
shown in Figure 4, one of the present authors 
has obtained data which averaged within 2 
or 3 per cent of theoretical values. Similar 
results have been obtained on other checks 
made using the flat tank. Where a sloping 
tank is used with problems of rotational 
symmetry, however, considerable error may 
be introduced by meniscus effects if the 
electrodes must be placed close to the axis 
where the electrolyte is very shallow. 
When the model must be kept small to avoid 
the perturbing effects of the tank bound- 
aries, the error may reach 10 or 20 per cent. 
This error may usually be reduced consider- 
ably if the plot is made in two stages. 
The first model is made on a scale such as to 
minimize tank boundary effects. An en- 
larged model is then made of the region of 
interest by using the results of the first plot 
to lay out the new tank boundaries. 

The accurate determination of field 
gradients by means of the electrolytic field 
analyzer is more difficult than the plotting 
of potentials. If, for example, one wishes 
to determine to an accuracy of 1 per cent, 
the average gradient over a distance in 
which the voltage drop is 1 per cent of the 
total applied voltage, this drop must be 
measured with an error of less than 1/10- 
thousanth of the applied voltage. The error 
in the measurement of distance must be re- 
duced to a corresponding fraction of the 
total electrode spacing. The determination 
of gradients from an equipotential plot in- 
volves considerable error unless the model is 
built on a very large scale. Dadda’s tech- 
nique provides for the display of the direc- 
tion as well as the magnitude of the field 
gradient, but apparently assures no greater 
accuracy than the usual double probe 
method. One technique, which the authors 
have found to give good results is the use of 
a special probe with a screw drive and a 
micrometer dial indicator whose readings 
are recorded when the probe position is 
adjusted for a balance at several settings of 
the voltage divider (R: and Ry in Figure 1) 
differing by a small fixed interval, say 0.1 
per cent. This technique has resulted in 
gradient values with an accuracy of 3 per 
cent or better for tests made in the flat 
tank. 
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- A Practical Application of Low- 


Frequency Magnetic Induction Theory 


R. N. E. HAUGHTON 


ASSOCIATE AIEE 


HE inductive effects of power sys- 

tem ground currents on communica- 
tion circuits due to faults such as grounds 
or other abnormal conditions are of great 
importance to communication engi- 
neers.45%916 The effects may range 
from the noise created’ by certain har- 
monic frequencies in the power circuit 
to the interruption and degradation of 
service and the exposure of personnel to 
hazardous voltages. 

Low-frequency magnetic induction may 
be defined as the process by which power 
circuit currents induce voltages in the 
communication conductors at the funda- 
mental power frequency. The induction 
may be due to the balanced or residual 
components of current in the power sys- 
tem under normal or abnormal condi- 
tions of operation. 

Although induction arising from nor- 
mal operation of the power system may 
result in the false operation of grounded 
ringing devices and other annoying ef- 
fects, the magnitude of the induced volt- 
ages are much smaller than those due 
to power lines operating under abnormal 
conditions. 

This paper deals entirely with abnor- 
mal low-frequency magnetic induction 
arising from power system fault currents. 
The severity of the effects depends upon 
the magnitude and duration of the fault 
current and the mutual impedance be- 
tween the two circuits. The problem is 
to determine whether remedial measures 
are warranted and if so to what extent 
they should be undertaken. This re- 
quires consideration of the severity and 
probable frequency of the effects pro- 
duced in communication lines by the in- 
duced voltages. Although such abnor- 
mal conditions existing in the power cir- 
cuit are infrequent in occurrence and are 
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usually of short duration, the resulting 
effects may be serious and consequently 
the selection and design of remedial meas- 
ures is an important problem in the co- 
ordination of power and communication 
circuits. 

Extensive research has been carried out 
in the past quarter century concerning 
the techniques necessary to evaluate low- 
frequency induction problems and to aid 
in deciding the need and type of re- 
medial measures. 

The purpose of this paper is to outline, 
in a simple and concise manner, the essen- 
tial concepts of the theory of abnormal 
low-frequency magnetic induction and to 
describe their application to a practical 
field problem. 

In order to facilitate a logical develop- 
ment of the subject the following impor- 
tant aspects will be discussed; the mag- 
nitude, frequency, and duration of the 
induced voltages in the communication 
circuits, their effects, and the types of 
remedial measures in current use. 


Magnitude of Induced Voltages 


When a fault occurs in a power system, 
a relatively large current many times 
greater than normal phase currents may 
be produced. If the power system is a 
star-connected grounded circuit or a delta 
line with suitable ground protection, the 
fault current is provided with a return 
path to the power source. 

In the case of a delta line with no 
grounding facilities, the fault current will 
be insignificant since there is no ground 
return path, the only current being the 
“charging current’’ flowing through the 
distributed capacitance of the power 
wires to ground and possibly introducing 
noise in the communication system. 
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If, however, a second ground develops 
particularly on another phase then a path 
is completed and large fault currents may 
result.6%16 

Fundamentally, the induced voltage in 
the communication conductors is a con- 
sequence of the electromagnetic field pro- 
duced by the power circuit, which pri- 
marily depends upon the magnitude and 
frequency of the fault current and its 
distribution in the ground. 

Referring to Figure 1, the fault current 
may be considered as flowing in an equiv- 
alent conductor at the geometric center of 
the power conductor configuration cross 
section, and due to the finite conductivity 
of the earth, returning to the power source 
through an image conductor below the 
surface of the earth. 

The total induced voltage E in the com- 
munication conductor, Figure 1, may he 
considered as the resultant of two com. 
ponents, namely /, due to the fault cur- 
rent J; in the equivalent power conductor 
at a distance 7, from the communication 
conductor, and /, due to the fault current 
I; in the image conductor at a distance 
v2 from the communication conductor 
The two voltages are 180 degrees apart 
with the neutralizing effect of H, depend- 
ing on 7, and therefore on the depth of 
the equivalent power conductor. The 
depth of the equivalent conductor in. 
creases with the earth resistivity.” 

The existence of any grounded con. 
ductors either in the power system, the 
communication system, or in close prox. 
imity to either brings about a reductior 
in the induced voltage. This shielding? is 
due to the field created by the induced 
currents in the grounded shield con.- 
ductors opposing the field established by 
the power system fault current. The 
amount of shielding depends upon the 
number of grounded conductors, thei 
self and terminal ground impedances anc 
their positions with respect to the powe1 


Paper 51-242, recommended by the AIEE Wire 
Communications Systems Committee and approvec 
by the AIEE Technical Program Committee for 
presentation at the AIEE Summer General Meet. 
ing, Toronto, Ont., Canada, June 25-29, 1951 
Manuscript submitted March 15, 1951; made 
available for printing May 4, 1951. 


R. N. E. Havucuron is with the Bell Telephone 
Company of Canada, Toronto, Ont., Canada. 


AIEE TRANSACTIONS 


Figure 1. Electromagnetic induction 
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and communication conductors. Such a 
conductor affords maximum shielding 
when closely coupled to either the power 
or communication system, when its ad- 
mittance is high and the impedance of its 
ground connections are low. 


Frequency of Occurrence of Induced 
Voltages 


This factor, of course, depends on the 
frequency of occurrence of faults on the 
power line. Some factors which are re- 
sponsible for power system faults are 
lightning surges, inadequate spacing and 
clearances of conductors and insufficient 
insulation. 

One convenient method of expressing 
fault frequency is in terms of the ‘number 
of faults per hundred miles per year.” 
If this can be obtained from the power 
company for any particular line, then the 
probable number of faults per year can be 
determined easily for any power exposure. 


Duration of Induced Voltages 


The duration of induced voltages de- 
pends on the duration of the power circuit 
fault, which in turn depends upon the 
type of protective relaying and circuit 
breakers employed. Obviously the length 
of time it takes the circuit breaker to 
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operate, and the standard maintenance of 
the equipment are the most important 
factors. 


Effects of Induced Voltages 


Low-frequency induced voltages of up 
to 2,000 to 3,000 times the normal operat- 
ing voltages of communication lines are 
not unusual. The effects they produce 
depend on their magnitude and duration 
and include service degradation or inter- 
ruption, telegraph signal distortion, dam- 
age to plant, acoustic clicks, and electric 
shock. 


SERVICE DEGRADATION AND 
INTERRUPTION 


The maintenance of high grade con- 
tinuous service is part of the responsi- 
bility of a communication system to the 
public. Hence any situation in which the 
possibility of service degradation and in- 
terruption is high must be evaluated in 
terms of the importance of the service 
being rendered. 

The main source of service interruption 
in low-frequency induction problems is 
the permanent operation of protectors 
thus grounding the communication con- 
ductors. In order to limit the maximum 
potential between each communication 
conductor and ground, an ‘‘open space 
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cutout”’ protector, shown in Figure 2(A) 
is provided between each conductor and 
ground. 

This device consists of two protector 
blocks. One of the blocks is of carbon 
and forms the ground electrode; the 
other is of porcelain with a small carbon 
insert. The carbon insert forms the line 
electrode and is depressed slightly below 
the bearing surface of the porcelain block 
so that when the two blocks are held to- 
gether by a spring, a small gap exists be- 
tween the carbon block and the carbon 
insert. The carbon insert is held in place 
in the porcelain block by means of glass 
cement. The protectors operate and 
clear twice every cycle for voltages in ex- 
cess of about 350 volts peak value.§ 

The nature of the breakdown depends 
upon the magnitude and duration of the 
current through the blocks. For currents 
of short duration and small magnitude 
causing many protector operations over a 
period of time, the carbon dust collects 
on the electrodes after each operation, 
thus finally causing a permanent ground. 
For currents of long duration and high 
magnitude the glass cement will soften 
due to the heating effect of the current 
and allow the spring to push one block 
against the other and ground the con- 
ductor permanently. 


DISTORTION OF TELEGRAPH SIGNALS 


The induced voltages, even though not 
sufficiently high enough to operate the 
protector blocks, may cause detrimental 
effects to telegraph signals ranging from 
distortion to momentary interruptions. 
DAMAGE TO OFFICES AND ASSOCIATED 
COMMUNICATION EQUIPMENT 


The dielectric strength normally em- 
ployed in the communication plant is ade- 
quate for the voltages used in normal 
operation with an appropriate factor of 
safety. Under high induced voltages 
dielectric failure may occur, notwith- 
standing any protective devices, thus 
damaging cables and wire, or apparatus 
in communication offices. 


Acoustic CLICKS 


Acoustic clicks may occur during the 
operation of communication protector 
blocks. They are caused by protector 
blocks on a pair of wires not breaking 
down simultaneously. 


ELECTRIC SHOCK 


The possibility of communication per- 
sonnel being in contact with conductors 
which have high induced voltages on them 
is always present and has an important 


1311 


bearing on the selection of the number 
and type of remedial measures employed. 
In many cases where the probability of 
permanent service interruption is low, 
additional remedial measures may be 
necessary to reduce the degree of hazard 
of electrical shock, especially if the fre- 
quency of power fault occurrence is high. 


Remedial Measures 


The effective and economical applica- 
tion of remedial measures®’ depends 
largely upon past experience in low-fre- 
quency induction problems and the ap- 
plication of certain principles to be dis- 
cussed. 

The interfering effects of a power sys- 
tem on communication circuits may be 
considered as having an intensity which is 
proportional to the product of three 
factors; influence, coupling, and suscepti- 
bility.57 

“Influence Factors’’ refer to the char- 
acteristics of the power circuit which af- 
fect the communication system. In the 
case of low-frequency magnetic induc- 
tion, the most important factors are the 
magnitude and duration of the ground 
fault current, the frequency of occurrence 
of the power system faults to ground and 
the presence of shielding conductors (such 
as ground wires) on the power line. 

“Susceptiveness Factors’ deal with 
certain characteristics of the communica- 
tion circuits which determines its response 
to power system influence. 

“Coupling Factors’ are the mutual 
characteristics of the intervening medium 
that aids in determining the magnitude of 
the disturbance in the communication 
circuits. 

Inductive effects on communication 


(a) 


circuits may be reduced by limiting any 
one or all of the above factors. 


LIMITING THE INFLUENCE OF THE 
POWER SYSTEM 


Many methods are available such as 
current limiting devices in the phase con- 
ductors, current limiting impedances in 
transformer neutrals and the use of 
ground fault neutralizers. Also, the dura- 
tion of the fault may be limited by suit- 
able circuit breakers and ground relaying 
equipment.” 


LIMITING THE SUSCEPTIVENESS OF THE 
COMMUNICATION SYSTEM » 


The applications of protective measures 
to the communication circuits usually 
take the form of copper oxide varistors, 
short-circuiting relay protectors, and the 
use of lead-sheathed and tape-armoured 
cable. 

Copper oxide varistors are used gen- 
erally for the minimizing of acoustic 
clicks. They are essentially copper oxide 
resistors with special electrical charac- 
teristics and are bridged on the receiving 
branch of the operator’s telephone set. 
When the varistor is under relatively low 
voltage due to speech, its impedance is 
high and therefore it takes negligible 
current from the receiver. On the other 
hand, when relatively high voltage is im- 
pressed on the operator’s telephone cir- 
cuit, the impedance of the varistor drops 
to a low value, thereby shunting the cur- 
rent from the receiver unit. 

The short-circuiting relay protector, 
Figure 2(B) is a device designed to mini- 
mize permanent protector operation and 
service interruption. It consists ofa relay 


Figure 2. Communication protectors 


and associated contacts which, tipon 
operation of the protectors, short cir- 
cuits the protector blocks for the dis- 
charge period and removes the short cir- 
cuit at the termination of the discharge. 
A more detailed description will be found 
in Appendix I. 

The use of cable in any exposure section 
where it is economically possible wilk-do 
much towards reducing the effect due to 
induced voltages. Both aerial and under- 
ground lead sheaths act as shielding con- 
ductors and reduce the voltages induced 
on conductors within the sheath by as 
much as 50 per cent. The amount of 
shielding depends on the sheath re- 
sistance and the resistances of the sheath 
ground connections. In certain cases, 
copper shield wires have been installed 
paralleling the sheath and add further 
shielding. Another method is to select a 
few conductors in the cable and bond 
them to the sheath, thus lowering the 
effective resistance of the sheath and in- 
creasing the shielding. 

Where spare pairs are available, the 
shielding may be further increased by 
bonding them to the sheath, thus lower- 
ing the effective sheath resistance. 

Tape-armored cable consists of a wrap- 
ping of steel tape over a lead covering, 
thereby increasing the net conductivity 
of the sheath and providing a voltage re- 
duction of up to 80 per cent. 


LIMITING THE MutuaL COUPLING 


If arranged in advance of construc- 
tion, separations sufficient to limit the in- 
duced voltages to a reasonable value are 
possible. 

This type of planning will do more 
to relieve inductive effects than any 
other precaution or type of remedial 
measure. 
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Figure 3. Low-frequency induction prob- 
lem—development of equivalent circuit 


Solution of a Low-Frequency 
Magnetic Induction Problem 


The preliminary step in any low-fre- 
quency induction problem is to prepare a 
map showing the extent of the exposure 
and all separations between the two cir- 
cuits. This should be followed with 
schematic drawings showing the number 
of conductors on the communication lines, 
the location of all terminals and protector 
blocks, a single line diagram for the power 
circuit and all pertinent data as shown 
on Figure 3. 

In order to calculate induced voltages 
it is necessary to know the fault current 
and the mutual impedance between the 
power and communication conductors as 
explained in Appendix II. The fault 
current may be obtained by field tests, 
calculations," or by the use of a net- 
work analyzer and is most useful in the 
form of a curve as shown in Figure 4. 
The “‘‘worst fault location” is next deter- 
mined, and is the location that produces 
the maximum product of fault current and 
mutual impedance. 

The induced open circuit voltages now 
are worked out for the worst fault loca- 
tion to permit an estimation to be made 
of protector operation. Assuming that 
the open circuit voltages are of such a 
value, say greater than 700 volts, that 
some or all of the protectors are operated, 
then the resulting currents may be 
readily determined. 
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The magnitude and duration of the 
currents and the voltages they produce 
between the conductors and between the 
conductors and ground are important 
factors in estimating the probability of 
permanent protector operation and the 
degree of electrical hazard to personnel. 

The previous outline may be itemized 
in detail as follows: 


Map prepared. 
Fault current data obtained. 


1 
2 
3. Determination of mutual impedance. 
4. Calculation of induced voltage. 

5 


Determination of “worst fault loca- 


6. Determination of self and mutual im- 
pedance of communication conductors. 


7. Calculation of induced currents. 

8. Estimation of permanent protector 
operation. 

9. Estimation of voltages to ground and 
voltage differences. 

10. Estimation of the extent of electrical 
hazard to personnel. 


11. Selection and application of remedial 
measures. 


In order to illustrate the fundamental 
principles involved in low-frequency in- 
duction studies and to outline the general 
method of analysis the following typical 
problem will be studied: 


Data 
(a). Power system, star connected, multi- 
grounded neutral, 60 cycles per second. 


(b). 
3(C). 


Worst fault location—point D, Figure 
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(c). Jy, power fault current, 650 amperes» 
Figure 4. 


(d). Fault current duration—0.5 second. 
(e). Fault frequency—10 faults per hun- 
dred miles per year. 

(f). Communication system, open wire 
line, copper, 104-mil diameter. 

(g). Exposure length, 90 miles, Figure 3(c). 
(h). d, power and communication circuit 
separation, 3000 feet, Figure 3(c). 


(i). p, average earth resistivity®® for the 
exposure, 1,000 meter-ohms. 


DETERMINATION OF MuTUAL IMPEDANCE 


The following values of mutual resist- 
ance and reactance are derived from 
Figure 6, using a separation of 3,000 feet, 
and an earth resistivity of 1,000 meter- 
ohms. ms 


Mutual resistance per kilofoot =0.0155 ohm 
Mutual reactance per kilofoot =0.0255 ohm 
Mutual impedance per kilofoot =0.0155+ 

70.0255 =0.0298/58.7° ohms 


Hence the mutual impedances for sections 
BD, BC, and CD, as shown in Figure 3, 
are therefore, 


Zmnzp =90 X 5.28 X 0.0298/58.7° 
=14,1/58.7° ohms 


Zmpc = 50 X 5.28 X 0.0298/58.7° 
=7.86/58.7° ohms 


Zmop =40 X 5.28 X 0.0298/58.7° 
=6.29/58.7° ohms 


For a further discussion of mutual im- 
pedance see Appendix II. 


CALCULATION OF OPEN CIRCUIT 
INDUCED VOLTAGES 


As explained in Appendix II, the open 
circuit induced voltage in a conductor for 
any particular length of exposure is equal 
to the product of the power fault current 
and the mutual impedance for the section. 
The induced voltages in sections BD, BC, 
and CD are therefore 


Zmpp = 650 X 14.1/58.7° 


Exp =I; 
=9,160/58.7° volts 


Esco=Iy_ Zmpc =650X7.86/58.7° 
=5,110/58.7° volts 
Ecp=Iy  Zmcp =650X6.29/58.7° 


=4,080/58.7° volts 


The communication protector blocks 
with an operating voltage of about 350 
volts will obviously operate under the 
action of the above induced voltages at 
points A, C, and D, thus grounding all the 
communication conductors at these points. 


CALCULATION OF CURRENTS 


Assuming the communication con- 
ductors are grounded at A, C, and D 
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through the operated protector blocks, 
see Figure 3(c), the resulting induced 
currents in circuit 4-D will depend upon 
the induced voltages and the self and 
mutual impedances of the communica- 
tion conductors in circuits A-D and A-C 
in accordance with the theory of coupled 
circuits, 18 

Let Z, be the self impedance of circuit 
A-D in ohms, Zs, be the self impedance of 
circuit 4-Cin ohms, and Z be the mutual 
impedance between circuits A-C and 
A-D. Evaluating these impedances for 
our problem we have 


Zy =151.8/60. ce ohms 
Zz = 108.8/56.5° ohms 
232 =Zy, = 75.2 84. 6° ohms 


For details of the above results and a 
discussion of self and mutual impedances 
see Appendix III. 

In Figure 3(c) let Egp, Ege and Ji, Js 
be the induced voltages and resulting cur- 
rents in circuits d-D and A-C. Applying 
Kirchoff’s Law to circuit 4-C and A-D 
we have the following system of linear 
equations 


Esp =NHZunthZy 
Ego =NZn+1oZ2 


The solution of the above for J; and J 
is obtained by expanding the associated 
determinants,!*" 


Esp Zx| 
VAN Zr3| ZZ —ZyZ 32 
|Z VAS 
=49.8/1.44° amperes 
and 
Zu Epp! 
ne [2a Exc| “3 ExcZ—EspZa 
Zn Zi3 | ZZ —ZyZ 2 
IZ Zo | 


=292.7/—40.8° 


amperes 


As mentioned previously, the possi- 
bility of permanent protector operation 
depends on the magnitude and duration 
of the current flowing through the oper- 
ated protector. In this case, the magni- 
tude of the current per conductor in cir- 
cuit 4-D is about 5 amperes and for cir- 
cuit A-C about 2.3 amperes with a dura- 
tion of 0.5 second, Assuming that for the 
type of protector blocks employed a cur- 
rent of 5 amperes for 0.5 second will cause 
permanent protector operation, then the 
likelihood of permanent grounding on 
circuit A-D is high, 


VOLTAGE Brrwren COMMUNICATION 
ConpbucToRS AND GRouND 


After the protector blocks have oper- 
ated, all the conductors in a group will 
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assume a voltage to ground distribution 
which depends on the currents and series 
impedances. These voltages vary in 
magnitude along the line, being nearly 
zero at the protectors assuming negligible 
ground resistances. 

The voltage to ground for conductor 
group A-D is computed at locations B 
and C; similarly at B for conductor group 
A-C, see Figure 8(c). The reason for 
selecting these locations is discussed 
briefly in Appendix IV. The voltage to 
ground at terminals 4, C, and D may be 
assumed to be zero as previously men- 
tioned. Voltage to ground at B on circuit 
A-D (Vxex) is the vector sum of the in- 
duced voltage Egy and the voltage drops 
due to J; and J, acting on the self and 
mutual impedances Zy, and Zy. for the 
length BD, Therefore, : 


Ves = Esp —L:2Z1(90/120) —IeZ2(50/80) 
where 


Esp=9, pede = 


pa ee volts 


44°) (151.8/60.7°) x 
=2,650+75,010 volts 
40.86 °) (75.2/84.6°) x 
0/80 =770+ 7859 volts 


IZ 2(50/80) = ate U/ 


on 


Therefore 


Van, =4,770+ 77,830 —2,650 —75,010 — 
__ 770-7859 =1,3504 1,961 
=2,378/55.4° volts 


Similarly 

Vee = Een —LhZ1 (40/120) 

where 

Eon =4,080/58.7° =2,120-+-73,500 volts 

1,Z1:(40/120) = (49.8/1.44°) (151.8/60.7°) x 
40/120 = 1,177+ 2,222 volts 


and 


FAULT CURRENT /N AMPERES 


Qo 10 20 30 #0 


Vcr =2,120+73,500—1,177—J2,222 
= 943+ 1,278 
= 1591 /53.6° volts 


Also on circuit A-C the voltage to ground 
at Bis 


Ver: = Exc —IZo(50/80) —hZy (50/120) 
where 


Exc =5,110/58.7° =2,658-++74,360 volts * 
TeZo0(50/80) = (22.7/ —40.8°) (108.8/56.5°) x 
50/80 =1,488+7417 
T,Z.(50/120) = (49.8/1-44°) (151.8/60.7°) x 
50/120 = 161.6 +j2,338 


Hence 


Vom. =2,658+ 74,360 — 1,488 —417 — 
161.6 —j2,338 = 1,008.4+71,605 
= 1,898/57.9° volts 


The voltages to ground at the ter- 
minals of circuits A-C and A-D are as- 
sumed to be zero since the conductors are 
grounded through protector blocks of 
negligible ground resistance. 


VOLTAGE DIFFERENCES BETWEEN 
Circuit A-D AnD A-C 


The voltage differences between con- 
ductor groups are important since per- 
sonnel may come in contact with wires of 
group A-C and A-D Figure 3(c) simul- 
taneously. 

The voltage difference at any point be- 
tween the two conductor groups such as 
A-D and A-C, Figure 3(c), is equal to the 
vector difference between the voltage to 
ground on each conductor group. For 
study purposes it will only be necessary to 
compute these differences at locations 
where they are likely to be greatest. This 
will be at B and C because at B both 
group A-C and A-D have a maximum 
voltage to ground due to coupling and 
shielding discontinuity while at C the 
voltage to ground on group A-C is as- 
sumed zero. 

The voltage difference at point B= 


Von —Vaps- 


Vos: — Varo =2,378/55.4° — 1,898/57.9° 
=1,350+j1,961 — 1,008.4 —71,605 — 
341.6+)356 =494/46.2° volts 


Figure 4. Power system line-to-ground cur- 
rent versus distance from generator, 60 cycles 
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AIEE TRANSACTIONS 


The voltage difference at point C= 1,591 
/53.6° volts. 


The foregoing results are tabulated in 
Table I. 


Table | 
4 Voltage to Voltage 
Location | Circuit Ground Difference 
Pern cahatsc A-D.....2378/55.4°.... 494/46,2° 
IARC. 5 1898/57.9°..., 494/46,2° 


eee 2D... 1591/58 .6°....1591/53.6° 


POWER FAULT FREQUENCY 
DURATION 


AND 


Information concerning the frequency 
and duration of power faults plays a large 
part in low-frequency induction studies. 
The higher the fault frequency and dura- 
tion the greater the probability of per- 
sonnel being exposed to hazardous volt- 
ages and the increased prospect of serious 
service interruptions. Power organiza- 
tions usually keep records of fault fre- 
quencies occurring on their lines and also 
of fault durations. 

In our example we have assumed a 
power line of appreciable fault frequency 
and duration namely 0.5 second and 10 
faults per 100 miles per year. 


ESTIMATION OF THE EXTENT OF 
ELectTrRIcAL HAZARD TO PERSONNEL 


The probability of personnel being 
subjected to dangerous voltages is a diffi- 
cult factor to estimate when we realize 
that contact must occur during the flow of 
abnormal ground current and that not 
all the fault locations are likely to produce 
hazardous conditions. Also, where the 
climbing of poles is necessary for main- 
tenance or construction, personnel are 
exposed to possible voltage differences be- 
tween conductor groups and even if the 
voltages are not high enough to cause 
bodily harm they may startle and cause a 
serious injury from falling. 

Generally speaking, only the faults oc- 
curring within a particular length of 
power line, the length depending upon the 
specific problem, are effective in creating 
voltages likely to be excessive. A sug- 
gested criterion whose magnitude is pro- 
portional to the probability of personnel 
hazard may be taken as the product of the 
probable frequency of faults for the power 
exposure, the duration of the fault current 
and that fraction of the power line likely 
to produce hazardous conditions. This 
criterion will provide a means for com- 
paring the relative probability of hazard 
between different remedial measures. 
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In this problem, the likelihood of elec- 
trical hazard to personnel is assumed to be 
high, due to the excessive voltages to 
ground and voltage differences, the fault 
frequency, and the duration of the fault 
current. 


Remedial Measures 


One important remedial measure 
against permanent protector operation 
is to install short-circuiting relays of the 
multigrounding type at terminals A and 
D, Figure 5(a). This precaution, how- 
ever, has no effect on the voltage to 
ground and voltage difference distribution 
in sections A-C and A-D. 

To alleviate this hazard to personnel 
additional short-circuiting relays of the 
same type as at A should be considered 
for installation at B and C in order to pro- 
vide a ground for all the conductors dur- 
ing protector operation and hence reduce 
the voltage to ground at these terminals 
to a value dependent on the resistance to 
ground of the short-circuiting relay instal- 
lation. The voltage differences between 
conductor groups also will be eliminated 
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Figure 5. Low-frequency induction problem— 
application of short circuiting relays 


since all conductors in a section, such as 
B-C Figure 5(b) have the same induced 
voltage. 

The additional protection at B and C 
allows us to dispense with the need of 
short-circuiting relays at A insofar as per- 
manent protector operation is concerned, 
since section A-B has no power exposure 
and hence no induced voltage. How- 
ever, it is possible for the protector at A to 
operate before those at B and therefore 
the protectors at A will carry current and 
be exposed to possible protector opera- 
tion. If this is deemed likely to happen 
then the short circuiting relays at A 
should remain. 

The resulting currents with short cir- 
cuiting relays operated at terminals B, 
C, and D are determined in a similar man- 
ner as before. In section C-D, Figure 
5(b), the current is 


_ Eon _ 4,080 /58.7° | 
Zon 50.5 /60.7° 


and 


1/—2.0° amperes 
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Figure 6. Mutual reactance in ohms per kilo- 
foot versus horizontal separation in feet be- 
tween communication and power lines 
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where Zep and Zge are the self imped- 
ances of section C-D and B-C as deter- 
mined in Appendix ITI. 

The possibility of severely overloading 
the saturating transformers and relay 
contacts associated with the short cir- 
cuiting relay protectors must not be over- 
looked. It is evident from the magnitude 
of J; and J; that the highest current to be 
handled by a saturating transformer is 
92.3 amperes for 0.5 second at terminal 
B, while the highest current through a 
contact is 81/10 or 8.1 amperes at C and 
D. These values will be found to be 
within the operating range outlined in 
Appendix I. 

The effect of placing short-circuiting 
relays of the multigrounding type at B, 
C, and D on the voltage to ground distri- 
bution is important and may be deter- 
mined as follows: At a distance X miles 
from D in section C-D Figure 5(b) the 
voltage to ground is 


Vex = Ecp(X/40) —LhZep(X/40) 
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however 
= Ecp/Zcp 


therefore 


Vex = Eep(X/40) — (Ecp/Zcn)Zcep(X/40) =0 


Thus the voltage to ground at any point 


GEOMETRIC MEAN RADIUS - FEET -AQG 


wm 


Table Il. With Short Circuiting Relay’ Pro- 


tection 
Voltage 
Difference 
Voltage to Between 
Location Circuit Ground Circuits 
Botirxs AED reese O. schiciielteeare 0 
Became ASC ama. See Oy sicrensestoentene 0 
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Table Ill. Without Short Circuiting Relay 


Protection 

Voltage 
Difference 

Voltage to Between 

Location Circuit Ground Circuits 
Bianca A-D....2,378/55.4°... 494/46.2° 
Biccmiveers A-C,...1,898/57.9°... 494/46.2° 
Ginceeee A-D....1,591/53.6°. ..1,591/53.6° 


in section C-D and similarly in B-C is 
zero. This interesting fact is due to the 
voltage being uniformly induced in the 
communication conductors and thus con- 
sumed entirely by the resulting voltage 
drop in the impedance. 

With the proper selection and applica- 
tion of remedial measures permanent 
protector operation can be considerably 
reduced and the electrical hazard to per- 
sonnel limited to tolerable values. Tables 
II and III show the benefits obtained with 
short-circuiting relay protection. 


Figure 7. Geometric mean radius—A, 
versus number of communication wires 
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Conclusion 


The methods presented here provide 
communication engineers with a practical 
means of predicting the effect of power 
system fault currents on communication 
lines. The induced voltages and resulting 
currents are shown to be easily calculated 
as illustrated by the field problem worked 
out in a step by step fashion. The results 
are analyzed and remedial measures 
selected and discussed. 


Appendix |. Short-Circuiting 
Relay Protectors 


Short-circuiting relay protectors‘ are 
employed on communication circuits where 
low-frequency induction is serious and the 
possibility of permanent protector operation 
is high. 

There are in general two classes of short- 
circuiting relay protectors, namely the 
multigrounding type and the unit type. 

The multigrounding-type relay protector 
is designed for group application whereby if 
one or more protector blocks operate then 
all the protector blocks on the remaining 
conductors in the assembly will be short 
circuited and brought to the same ground 
potential. This prevents possible potential 
differences from existing between various 
wires due to non-uniformity in protector 
block breakdown. 

The unit-type relay, as its name implies, 
is designed for application to a single pair of 
wires, its operation placing a short circuit to 
ground on this pair only. 

To understand the operation of the multi- 
grounding short circuiting relay protector, 
shown in Figure 2(b) assume the voltage to 
ground on conductor 1 exceeds the break- 
down voltage of the protector blocks (850 
volts). This voltage will be impressed 
across points 1-8-5 as shown on the diagram. 
The resulting current flowing in coil B 
energizes coil Cand operates relay D. This 
applies battery E to a closed circuit and 
current from E£ flows as indicated. Con- 
sidering conductors 1 and 2, the potential 
difference between points 6 and 7 operates 
relay A. This action by-passes the induced 
current on the communication conductors 
through the path 1-9-8-5 to ground. Once 
coil B is energized all the relays such as A 
and F are operated, thereby placing a short 
circuit to ground on all protected pairs. 

The contacts of the short circuiting relays 
Figure 2(b) are of special design to prevent 
their fusing together under heavy discharge 
currents. Tests have shown that 100 am- 
peres may be carried safely for 2.5 seconds. 

The master relay, D, Figure 2(b) will 
operate when approximately one ampere or 
more flows in the primary of the saturating 
transformer at 60 cycles. This can be 
adjusted to release when the current falls 
to below about 0.8 ampere. 

The saturating transformer is designed 
to provide a safe range of voltages applied 
across the winding of the master relay for a 
wide range of current in the primary. The 
transformer will carry about 500 amperes 
for 10 seconds without overheating. 
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Appendix Il. Mutual Impedance 
Between Power and Communica- 
tion Circuits 


The mutual impedance?* or coupling 
factor may be defined as follows: 


Zm=E,/I; ohms 


where E, is the induced electromotive force 
in the communication circuits in volts and I 
is the ground fault current in amperes. 

The exact determination of this factor is 
difficult since it is a function of several 
variables such as the separation between 
the power and communication conductors, 
earth resistivity, exposure length and power 
system frequency. Curves such as Figure 6 
relating Zm with a range of separations and 
ground resistivities are available and allow 
rapid determination of coupling factors. 

The earth resistivity" is a factor of prime 
importance in any problem involving the 
earth conduction of currents. It is usually 
expressed in meter-ohms and may be de- 
termined by voltage and current measure- 
ments using ground electrodes at spacings 
of up to a thousand feet. Tests are usually 
made at several locations and the results 
averaged. 

Induced open circuit voltages on conduct- 
ors due to magnetic induction may be esti- 
mated from a knowledge of exposure length, 
separation between circuits, power system 
fault current, frequency, and average re- 
sistivity within the exposure. With this 
data and Figure 6 the mutual impedance 
Em is easily obtained and the open circuit 
voltage induced in the conductors is there- 
fore Ec=Zm.JIy volts. 


Appendix Ill. Self and Mutual 
Impedance of Communication 
Conductors 


For purposes of calculation, it is useful 
to represent the power and communications 
systems by equivalent single conductors. 

In our low-frequency induction problem 
we are concerned with two groups of conduc- 
tors namely the A-D group containing ten 
wires and the A-C group containing eight 
wires. 

The self impedance of a circuit composed 
of m similar conductors in parallel is: 


Zy=1/n+ (0.28) X 10-8 X f+7(0.882) X 


| 
2,280 
10-8XFX logy ——= 


Dg \ 
p 
ohms per kilofoot (1) 
The mutual impedance between two 


circuits composed of » conductors and m 
conductors respectively is: 


Zy2= (0.28) X 10-*X f+ 7(0.882) X 
2,280 


Dg \! 
p 


ohms per kilofoot (2) 


10-*Xf X logio 


where 
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r=effective resistance of single conductor 
in ohms per kilofoot 

m,#w=number of paralleled conductors in 
each group 

f =frequency in cycles per second 

p =average earth resistivity, meter-ohms 

Ag=geometric mean radius of m parallel 
conductors in feet 

D,=geometric mean distance between 
n(1,2...m) shielding conductors and 
m(1,2...m) disturbing conductors in 
feet 


In the calculation of self impedance the 
equivalent single conductor which offers 
very nearly the same inductive reactance 
with ground return as a parallel group of x 
identical and not widely separated conduct- 
ors (1,2,3...7) is a cylinder of radius equal 
to the geometric mean radius, Ag, of the 
group, see Figure 7. 

Ay = [(pa)"Dy32D)3?. . Dyn? Dos?Do4?. a PS 


1 


nt 
Day?...(Dn—1.n)?] 
where 


a=radius of each conductor in feet 
Dy, ~=distance between conductors 1 and ” 
in feet 
p=a factor accounting for the internal in- 
ductance of the conductors 
=().78 for a solid, cylindrical, nonmagnetic 
conductor 


In order that the mutual impedance be- 
tween the two equivalent conductors shall 
be closely the same as the average mutual 
impedance of the several conductors in the 
two groups which they represent, such as 
ten conductors in the one group and eight 
in another, see Figure 3(c), their separation 
is taken as the geometric mean distance, 
Dy, between the groups. If there are n 
conductors (1,2...~) im one group and 
m(a,b...m) in the other: 

1 


Drea Dag engage Dances Dam 


where 


Dam = V (lin —hm)*—x?=radial separation 
of conductors 7 and m in feet 


hin, tm=heights of conductors m and m in 
feet 

x=horizontal separation of conductors x 
and m in feet 


In our problem for circuit A-D and A-C 
we have 


r=1 ohm per kilofoot, resistance of 104-mil 
diameter copper 

f=60 cycles per second 

p=1,000 meter-ohms 

Ajg=1.1 for n=10, circuit A-D, and 0.82 
for n =8, circuit A-C 

D,=assumed to be 4 feet for cireuit A-D 
and A-C 


By substituting the above values in equa- 
tions 1 and 2 we have, 


Zu per kilofoot =0.239/60.7° ohms for cir- 
cuit A-D 

Zm per kilofoot =0.257/56.5° ohms for cir- 
cuit A-C 

Zy per kilofoot =0.1782/ 84.6° ohms for 
circuits A-D and A-C 
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Hence for circuit A-D, 120 miles long, 
the self impedance is 


Zn =120X5.28X0.239/60.7° = 151.8/60.7° 
ohms 


For circuit A-C, 80 miles long, the self 
impedance is 


2m 980 X 5.28 X0.257/56.6° = 108.8/86.5° 
ohms 


The mutual impedance for circuits A-D 


and A-C is 
Zi: =80 X 5.28 X0.1782/84.6° =75,2/84.6° 
ohms 


For the condition of short circuiting relays 
at B, C, and D, Figure 5(b), we have 


r=1 ohm per kilofoot; resistance of 104-mil 
diameter copper 

f =60 cycles per second 

p=1000 meter-ohms 

Ay =1.1 for n=10, circuit C-D, and 1.8 for 
n= 18, circuit B-C 

D,=assumed to be 4 feet for both circuits 


Again substituting in equations 1 and 2 
we have 


Zu per kilofoot =0.239/60.7° ohms for cir- 
cuit C-D 

Zu, pet kilofoot =0.210/69.8° ohms for cir- 
cuit B-C 


Hence for circuit C-D, 40 miles long, the 
self impedance is 


Z=40X 5.28 X0,239/60.7° = 50.5/60.7° 
ohms 


And for circuit B-C, 50 miles long, the 
self impedance is 


22 = 50 X 5.28 X 0.210/69.8° = 55.4/69.8° 
ohms 


Appendix IV. The Effect of 
Coupling Discontinuities on the 
Voltage to Ground 


Figure 3(c) illustrates a severe case of 
coupling discontinuity at point B. It will 
be shown that the voltage to ground in cir- 
cuit A-C has a maximum at B. 

Let X be any distance measured from C 
in section B-C. The voltage to ground at X 
is 


Vox =TjZmXX —hXZnX X—hLZnX (3) 


In section A-B the voltage to ground at X, 
B-C<X<A-C, is 


Vex =IyXZmX BC—-I2X Zn XX —hX 
Z2XX (4) 


Assuming that the above equations are 
linear in section A-B and A-C then their 
common point of intersection is the maxi- 
mum voltage to ground for section A-C. 
At the point of intersection 


(flak = DNak ieee 
IPE Gen pha c 


from which X=BC. Therefore, at the 
point of coupling discontinuity B the voltage 
to ground isa maximum. This concept is a 
valuable aid in deciding at what locations 
the voltage to ground should be evaluated. 
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British Developments and Applications 


of Carrier Current Principles for 


Operating Requirements of 
Power Utilities 


W. D. GOODMAN 


NONMEMBER AIEE 


Synopsis: Details are given of a wide- 
band coupling equipment for carrier current 
working with reasons for preferring inter- 
phase coupling followed by an investiga- 
tion into the causes of noise on power line 
carrier circuits and the reasons for the 
adoption of single side-band equipment. 
Recent types of British communications and 
relaying equipment are then described. 


HE EFFICIENT operation of mod- 
em interconnected high-voltage 
power networks with centralized control 
rooms demands that the power network 
shall be paralleled by a reliable and com- 
prehensive communications network 
which provides facilities for telephony, 
supervisory control and indication, remote 
metering, and teleprinters. Where the 
distances involved are greater than about 
20 miles, especially with lines of 66 ky and 
over, it is often found that these facilities 
together with feeder protection and in- 
tertripping can be most economically 
provided by means of carrier current 
equipment over the high-voltage lines. 
Such a communication network, with 
well-designed and constructed terminal 
equipment, is fundamentally as reliable 
as the power network it is used to control 
and with careful planning the loss of any 
line or circuit can be covered by the pro- 
vision of alternative routes. Further, the 
whole of the equipment used is under the 
control of the power company and re- 
liance does not have to be placed on cir- 
cuits rented from other administrations. 
The various components of such a net- 
work will now be dealt with in detail. 
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Lines and Coupling Equipment 


The power lines are designed and con- 
structed solely for the transmission of 
power at high voltages and low frequen- 
cies and their use for carrier current com- 
munication and protection is purely in- 
cidental. The design does, however, pro- 
vide a circuit with a lower attenuation per 
unit length than that of most aerial tele- 
phone lines. The following important 
differences should, however, be noted. 
Where more than one telephone pair is 
run on the same route the wires are care- 
fully transposed to avoid crosstalk be- 
tween the circuits whereas with power 
lines the transpositions, inserted with no 
regard to communication requirements, 
are often more of an embarrassment than 
a help. They are inserted at intervals 
which are large compared with the wave 
length of the carrier frequencies used and 
cause reflections which produce small 
peaks in the attenuation-frequency char- 
acteristic. Another difference is that the 
considerably increased spacing of the 
conductors of the power line results in in- 
creased radiation. Whether phase-to- 
phase or phase-to-ground coupling is used 
there are phase wires which are unused for 
high-frequency transmission. These wires 
are closely coupled to the carrier circuit 
and from the crosstalk point of view tend 
to nullify the effect of any trap coils used. 
This will be referred to again later. A 
further point is that power lines normally 
terminate on bus bars and often trans- 
formers as well, which have an appre- 
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ciable impedance, normally negative, to 
high frequencies. If these components are 
common to more than one line the com- 
mon impedance is a source of coupling 
which will further modify the effect of the 
line traps. It should be noted also that 
this station=capacity can cause the line 
traps to series resonate at some frequency 
below antiresonance. 

In Britain phase-to-phase coupling to 
the power line has been adopted, in spite 
of the fact that it is more expensive than 
phase-to-ground coupling, for the follow- 
ing reasons, 


1. The attenuation is less at any given 
frequency. 


2. The variation of attenuation with 
changing weather conditions is less. 


3. The radiation from the line is less. 


4. There is less pickup of interference 
which results in an improved signal to 
noise ratio. 


5. A phase-to-earth fault close to the 
transmitting end does not result in loss of 
signal at the receiving end. 


The older types of coupling equipment 
were designed to pass either one or two 
bands of frequencies each about 6-kc 
wide. In coupling equipment of this type 
the line traps were regarded as a high im- 
pedance to prevent high-frequency energy 
being dissipated in the local switch gear 
and also to prevent changing switching 
conditions affecting the high-frequency 
circuit. They also were regarded as a 
means of minimizing crosstalk between 
circuits using the same frequency. Their 
efficiency from the crosstalk point of view 
is doubtful, due partly to the presence of 
the third phase wire. Using two sets of 
coupling equipment of this type tuned to 
the same frequency, crosstalk figures of 
20 decibels have been measured between 
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Figure 1. Curves showing variations of cou- 
pling filter bandwidth with frequency 


Curves A and C are lower and upper limits of 
pass band. Curve B is tuning frequency 


two feeders entering a substation from 
opposite directions and not connected to 
the same bus bars. This type of coupling 
equipment used the expensive line traps 
and coupling capacitors in a very inef- 
ficient manner and did not permit the use 
of multichannel carrier systems. As a re- 
sult wide band coupling was developed in 
Britain which enables a frequency band, 
in some cases several hundred kilocycles 
wide, to be passed. The band width 
passed depends on the frequencies used. 
The curves in Figure 1 show how the band 
width obtained varies with frequency. 
This coupling equipment uses line traps 
with an inductance of 200 microhenrys 
and coupling capacitors of 0.002 micro- 
farad. A further advantage of this 
coupling equipment is that no adjustment 
whatever is required on site as all the 
components are pretuned in the factory. 

In this type of coupling equipment the 
line traps are regarded not primarily as 
traps but as elements of a band pass 
filter. Used thus, they guard against the 
variations of line attenuation with switch- 
ing conditions but are less efficient with 
regard to crosstalk except at frequencies 
near the middle of the band. Crosstalk 
can however easily be guarded against by 
planning a network as a whole and not 
using the same frequency more than once 
in any one substation. Judging from the 
figures given in the preceding paragraph 
this is desirable even with the older type 
of coupling equipment. Figure 2 shows 
a typical attenuation frequency charac- 
teristic using the modern British type of 


1320 


coupling equipment with phase-to-phase 
working on a line 65 miles long under 
different switching conditions. The wide- 
band type of coupling equipment has a 
loss of approximately 1.5 decibels which 
is substantially constant over the band. 
This figure excludes the attenuation in the 
coaxial cable used to connect the coupling 
filter to the terminal equipment. Stand- 
ard layouts of the coupling equipment in a 
switching station are preferred as by this 
means any stray capacities can be con- 
trolled, thus giving a more stable and 
constant performance. As with other 
types of line coupling equipment the 
coupling capacitors are capable of pro- 
viding potential supplies for metering and 
relaying up to a burden of 150-volt am- 
peres. 

Power surges and lightning are both 
capable of providing impulses of very 
high voltages which the coupling equip- 
ment must be able to withstand. In some 
of the older types of equipment, fuses and 
gas discharge tubes were used to protect 
the equipment but the use of carrier re- 
laying equipment means that the equip- 
ment must be fully operative immediately 
after such disturbances and the above 
devices are therefore unacceptable. The 
coupling equipment is therefore designed 
towithstand any impulse voltages that can 
reasonably be expected. Surge diverters 
incorporating spark gaps and nonlinear 
resistors are fitted in the line traps. 

Although coupling equipment for any 
desired mid-band frequency can be made, 
in practice several standard bands have 
been selected to give adequate frequency 
coverage. Whenever possible all the 
coupling equipment on any power network 
is for the same band, this giving the ad- 
vantage that a minimum of spare equip- 
ment need be stocked for use in case of 
breakdown, as all components throughout 
the network are interchangeable. 

It is well known that variations in 
weather conditions cause variations in the 


attenuation of overhead lines. Measute- 
ments made in Great Britain tend to show 
that for the relatively short lines involved 
(up to 100 miles), and excluding the 
condition of the deposition of solid ice on 
the line, the variations to be expected 
only amount to a few decibels which would 
not seriously degrade a good quality tele- 
phone circuit. Turning now to the case of 
the deposition of solid ice on the con- 
ductors, whichfortunately is rare in Great 
Britain, the attenuation rise is so con- 
siderable, possibly as much as eight times, 
that if it occurred over any appreciable 
length of line the signal to noise ratio 
would be reduced to such an extent as to 
make the circuit unusable. Because of 
this and the fact that experience over the 
last 20 years has provided no evidence of 
breakdown in Britain from this cause, 
automatic gain control does not appear to 
offer any appreciable advantages. Cases 
have been recorded when power line car- 
rier circuits without automatic gain con- 
trol have remained in operation when all 
other means of communication with power 
stations have broken down because of ad- 
verse weather conditions. 


Communications Equipment 


In the past most power line carrier 
communications equipment was of the 
amplitude-modulated (a-m) type which 
transmitted carrier and 2 side bands. 
These circuits, although they provided 
reasonable communication circuits, com- 
pared very unfavourably with modern 
long distance telephone circuits from the 
point of view of quality and signal-to- 
noise ratio, and further usually provided 
for the alternative, and not the simultane- 
ous, transmission of speech and signaling 
(supervisory control, teleprinter working 
and so on) facilities required by power 
utilities. 

In order to appreciate the reasons for 
the choice of single side-band carrier sup- 
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pressed (s.s.b.) carrier equipment in 
Great Britain as the most suitable for 
power line carrier working, it is necessary 
to discuss briefly the causes of noise on 
power line carrier circuits. This noise 
may be divided into two types which will 
be called generated noise and induced 
noise. The first type is caused by the 
fact that on any energized power line, 
particularly in bad weather, innumerable 
leakage paths are continually forming 
over the insulators and being broken down 
by the high voltage on the line. These 
together with corona discharge act as 
rectifiers and modulate the carrier or any 
other high-frequency signal transmitted 
over the line. It will be clear that there 
will be no improvement in the signal to 
noise ratio due to generated noise if the 
high-frequency power transmitted to line 
is increased. On the other hand, if a sup- 
pressed carrier system is used, the ab- 
sence of signals during silent periods 
avoids background noise due to modula- 
tion of the carrier. Hence it is an ad- 
vantage to suppress the carrier. The 
second type of noise, induced noise, is 
wide-band noise caused by corona, in- 
sulator spitting, static and pickup from 
other energized lines and radio stations. 
This noise is directly proportional to the 
band width occupied by the signal. In 
this case, increasing the high-frequency 
power transmitted will improve the signal 
to noise ratio. Considering now a-m 
carrier systems it will be seen that these 
systems occupy twice as much frequency 
space as the original unmodulated audio- 
frequency band, and further they trans- 
mit a carrier frequency which is of no use 
in conveying intelligence. Both of these 
factors make the a-m system bad from 
the signal-to-noise ratio point of view. 
Turning now to the possible alterna- 
tives to a-m, frequency modulation (f-m) 
at first sight appears to be an ideal solu- 
tion. In this system the carrier is modu- 
lated with respect to frequency instead of 
amplitude, and any incidental amplitude 
modulation is eliminated by the use of 
limiters in the receiver. This type of 
modulation does however require a high 
deviation ratio to obtain a distortion-free 
circuit, and occupies a large amount of the 
available frequency spectrum. As the 
deviation ratio is decreased the signal to 
noise ratio also decreases and nonlinear 
distortion increases. It can pe shown that 
to obtain an improvement in the signal- 


_ to-noise ratio of about 10 decibels over the 


equivalent a-m system a deviation ratio 
of about two is needed. Thus to obtain a 
10-decibel improvement an audio band 
extending up to 4,000 cycles per second 
would require a bandwidth more than 16- 
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ke wide for its transmission. 

The second alternative to an a-m sys- 
tem is the s.s.b. system with carrier sup- 
pressed. This system is equivalent to 
translating the audio frequencies directly 
to the high frequency without the addi- 
tion of carrier. It is a system on which 
considerable development work has been 
done over the last 20 years for use in long 
distance carrier telephone circuits. It can 
be calculated that compared with an 
a-m system the s.s.b. system gives an 
improvement of about 9 decibels in the 
signal-to-noise ratio for similar radiation 
from the line, and at the same time oc- 
cupies only half the space in the frequency 
spectrum. The following figures show the 
order of improvement in signal-to-noise 
ratio to be expected in practice by using 
s.s.b. equipment instead of a-m equip- 
ment. The noise levels measured with a 
weighted psophometer at a zero level 
point on a typical a-m system working 
with interphase coupling on a 132-kv line 
90 miles long were 2.5 millivolts with no 
carrier (induced noise) and 18.0 millivolts 
when carrier was being transmitted from 
the distant end (generated noise) with 
average weather conditions rising to 38.0 
millivolts with rain and mist all along 
the line. The corresponding figures 
measured on the s.s.b. system to be de- 
scribed later were 0.75 millivolt under 
average weather conditions and 2.2 
millivolts with rain and mist all along the 
line. 

Considering now the relative merits of 
f-m and s.s.b. systems giving similar per- 
formance it is felt that the following 
factors weigh heavily in favour of the 
s.s.b. system: 


1. The advantage of economy of fre- 
quency space. 


2. Ease of maintenance. 


3. It is easy to add superaudio signaling 
circuits, completely independent of the 
speech, but with an f-m system it is difficult 
to maintain a constant deviation ratio of 
2-to-1 when| transmitting a varying number 
of signals up to say eight independently. 


4. Improved secrecy. Any signal radiated 
from the power line cannot be readily re- 
ceived on a normal domestic radio set be- 
cause of the absence of carrier. 


5. It is simpler to construct a flexible 
multicircuit s.s.b. system than it is to 
construct a flexible multicircuit f-m system. 
Such systems now are required to meet the 
needs of the control engineers of modern 
power systems. 


On the older types of carrier equipment 
all frequency dependent equipment was 
made fully adjustable and the setting-up 
procedure often involved the selection of 
the most suitable operating frequency. 
This frequency adjustment was in the 
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main made necessary by the lack of 
knowledge about coupling equipment. 
The present British wide-band coupling 
equipment makes it possible to decide the 
operating frequencies accurately in ad- 
vance and provide s.s.b. terminal equip- 
ment without variable tuning. This 
equipment is built in conformity with 
modern carrier telephone technique in- 
stead of using radio technique as was 
previously done and is capable of provid- 
ing power line carrier circuits which meet 
or closely approach the Comité Con- 
sultatif International des Communication 
Téléphoniques a Grande Distance re- 
quirements for long distance telephone 
circuits. 

It will be appreciated that as, from the 
telephonic point of view, the power line is 
fundamentally a 2-wire circuit different 
frequencies must be used in the two 
directions of transmission in order to ob- 
tain full duplex operation. Two single 
side-band suppressed carrier systems 
with the development of which the author 
has been closely associated now will be 
described. 

In both systems the basic audio-fre- 
quency band has been extended from the 
usual upper limit to 4,000 cycles per 
second, The subdivision of the band 300 
to 4,000 cycles per second is as follows: 
300 to 2,700 cycles is used for speech, a 
frequency of 3,060 cycles for telephone 
calling, the frequencies 3,300, 3,420, 3,540, 
3,660, 3,780, and 3,900 cycles are used for 
independent signaling channels over which 
supervisory control and indication, re- 
mote metering, and teleprinter may be 
operated. 

Any or all of these channels may be 
equipped either initially or at a later date. 
If it is desired to use an impulsing rate of 
greater than 40 impulses per second this 
can be done by using only 3 channels at 
240 cycles spacing. The superaudio fre- 
quency of 3,060 cycles has been used for 
telephone calling to enable it to be kept 
on during speech for supervision of calls 
between automatic exchanges. 

Another similarity between the two 
systems is that both have been designed 
to operate with 4-wire telephones. Owing 
to the complete absence of side tone, this 
type of telephone gives a considerable 
advantage when used in noisy situations. 
Both systems can, of course, be used with 
a normal 2-wire telephone by fitting a 
suitable 2-wire to 4-wire termination 
To cater for automatic operation with 4- 
wire telephones a 4-wire private auto- 
matic exchange also is available. A 
special feature of the 4-wire exchange is 
that it provides for the switching of the 
3,060 cycle signaling tone in addition to 
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Figure 3. Block schematic of 8 circuit com- 
munications equipment 


A—signaling equipment, B—ringing equip- 

ment, C—audio combining filter, D—first 

modem, E—second modem, F—12-ke oscilla- 

tor, G—carrier oscillator, H—combining 

transformers, J—3,060-cycle oscillator, K— 
cable termination 


the speech. The advantage of this 
facility is that on a call which is 
routed over several carrier circuits con- 
nected together by automatic exchanges 
the impulsing is carried out in each case 
by the original impulsed tone instead of 
by signals that have been regenerated at 
each exchange. The average impulse 
distortion using this method is usually 
less than with the repetition of impulses 
at each station. With impulse repetition 
the impulse distortion is variable depend- 
ing on relay adjustment and can be in- 
creased greatly by the maladjustment of a 
single relay. With the other method 
however, although some distortion is in- 
troduced by each filter this is a fixed 
quantity that is not influenced by the 
quality of the maintenance carried out on 
the equipment. As an example of the 
impulse distortion to be expected using 
this method, a signal having an initial 
impulse ratio of 50-to-50 had a ratio of 
45-to-55 after detection following the 
transmission over 8 carrier circuits in 
tandem. 

The first system to be described is a 
multicircuit system which has been de- 
signed for maximum flexibility to allow 
any number of circuits to be equipped up 
to a maximum of eight for transmission 
over one feeder. Once the initial circuit 
or circuits have been installed further 
circuits easily can be added later up to the 
maximum of eight and within the system 
planning requirements mentioned earlier, 


Figure 3 shows in simplified block 
schematic form an 8-circuit terminal. For 
clarity only channel 1 is terminated 
fully. 

In order to provide maximum flexi- 
bility and simplicity of filter design double 
modulation is used. The eight 4,000 cycle 
audio bands are all used to modulate a 12 
ke carrier, balanced metal rectifier modu- 
lators being employed. The appropriate 
side band 8 to 12 kc or 12 to 16 ke then is 
selected by a good coil and condenser 
filter. In the case of the odd numbered 
channels 1, 3, 5, and 7 the lower sideband 
8 to 12 kc is selected, while the upper side- 
band 12 to 16 ke is selected for the even 
numbered channels 2, 4, 6, and 8. Then 
the selected sidebands of channels 1 and 2 
are combined to form a subgroup contain- 
ing 2 channels in the band 8 to 16 ke. 
Channels 3 and 4, 5 and 6, 7, and 8 also are 
combined in a similar manner, thus form- 
ing 4 subgroups each with a band 8 to 16 
ke. In the second modulators each of 
these groups is used to modulate a carrier, 
whose frequency is chosen to translate the 
subgroup to the desired position in the 
frequency spectrum. The required side- 
band is selected by means of a simple 
coil and condenser filter. This filter can 
be kept fairly simple and at the same time 
minimize crosstalk by choosing the 
second carrier frequencies so that in each 
case the unwanted sidebands do not oc- 
cupy the same frequencies as the wanted 
sidebands of other subgroups. After the 
second modulators the subgroups are 
brought together by the combining 
transformers to form a band 82 ke wide. 
This band is then amplified and after 
passing through the directional filters, 
which separate the transmit and receive 
frequency bands, is transmitted to line 
via the coaxial cable and wide-band 
coupling equipment. The receiving por- 
tion of the equipment is the reverse of the 
transmit portion except that there are no 
high-frequency amplifiers. | Amplifica- 
tion and equalization are carried out at 
audio frequency before the audio band is 
split into its component parts. It should 
be noted that for flexibility first and 
second modulators and carrier oscillators 
need be equipped only for the circuits 
actually required. Extensions can, how- 
ever, be carried out easily at a later date. 
Another feature is that a “through”’ cir- 
cuit at any station need not be reduced to 
audio frequency but can be selected from 
the other circuits at intermediate fre- 
quency and after remodulation with a 
carrier frequency be retransmitted to 
line. 

For reliability the oscillators and am- 
plifiers which serve all circuits are pro- 


Goodman—Carrier Current Principles for Operating Power Utilities 


vided in duplicate with automatic char/ge- 
over. This applies to the 12 kc oscillator, 
the 3,060-cycle telephone signaling oscil- 
lator and the line amplifiers. If the user 
considers it desirable the carrier oscil- 
lators may also be duplicated but this is 
not usually considered necessary. Where 
several systems are installed in the same 
station it is uneconomic to fit each with 
spare line amplifiers, and up to 4 systems 
can be served by the same spare line am- 
plifier with automatic selection and 
changeover facilities. 

In order to obtain the required fre- 
quency stability accurate and stable 
oscillators are required. The 12 ke 
oscillator is a temperature stabilized coil 
and condenser oscillator while the carrier 
oscillator is of the crystal type. The 
maximum asynchronism of 2 terminals is 
5 cycles per second over an ambient tem- 
perature range of 0 degree centigrade to 
40 degrees centigrade. 


The high-frequency power output when 
sending a 1 milliwatt 800-cycle tone at a 
zero level point on any one channel is a 
quarter of a watt. This has been found to 
be sufficiently high to provide zero equiv- 
alent audio circuits over lines with at- 
tenuations up to about 35 decibels. 
Further, by the adjustment of audio 
attenuator pads it is possible to obtain a 
zero equivalent circuit with audio ex- 
tensions at each end each having attenua- 
tions of up to 10 decibels. The develop- 
ment of low-power carrier systems in 
Great Britain instead of the high-power 
systems used in the United States and 
Canada is mainly due to the severe 
radiation restrictions imposed by the 
British Post Office. 


The second s.s.b. system to be de- 
scribed is a nonextensible single circuit 
system. It provides exactly the same 
facilities and quality as a single circuit of 
the multicircuit system described pre- 
viously but will operate over lines having 
attenuations up to about 40 decibels. 
It is a single modulation system designed 
for carrier frequencies of between 80 ke 
and 200 ke. To economize in carrier 
oscillators, which are again of the crystal 
type, the same carrier frequency is used 
for both directions of transmission. Provi- 
sion of full duplex operation is obtained 
by transmitting the lower sideband in one 
direction and the upper sideband in the 
other directiof. Crystal filters are used 
to obtain the necessary suppression of the 
unwanted sideband. The high-frequency 
transmit, and receive circuits are com- 
bined for connecting to the line coupling 
equipment by means of a high-frequency 
hybrid transformer. 


On both these carrier systems moni- 
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toring facilities are provided. The alarm 
system is comprehensive, and wherever 
possible functional alarms instead of tube 
heater or anode alarms are used. Nor- 
mally two types of alarm are given, an 
“urgent” alarm which indicates that the 
system has broken down and a “‘non- 
urgent” alarm which indicates that there 
is a fault but that the system is still 
operating on duplicate equipment. These 
two alarms can of course be combined 
into a single alarm if desired. 


Feeder Protection 


The most recent type of carrier relaying 
equipment installed in Britain is of the 
phase comparison type. This equipment 
requires a different carrier frequency for 
each direction of transmission. The out- 
put of a sequence network, fed from the 


_ feeder current transformers, is used to 


modulate the carrier with a square wave 
of power frequency. This is transmitted 
to the distant end for phase comparison 
with the output of the sequence network 
there to determine whether stabilization 
or tripping shall take place. The operat- 
ing time of this equipment is about 3 
cycles. The equipment gives a stabiliz- 
ing angle of about 60 degrees to allow for 
the normal phase change along the line 
and ensure system stability. 

Two stage starting is employed, the 
first stage starting the transmission of the 


_ modulated carrier and the second stage 


closing an isolating contact in the trip 
circuit. 

This is to ensure that a signal is 
being transmitted from each end before 
the trip circuit is prepared. There are 
two types of starting equipment avail- 
able. The first is for normal use which 
starts the equipment operating at a pre- 
set fault setting and the second for use on 
feeders connected to power stations where 
the amount of plant on load is frequently 
changing. Under these conditions situa- 
tions will arise where the normal load 
current at some times is greater than the 
maximum fault current at others. To 


avoid either the frequent adjustment of 
fault setting or the transmission of car- 
rier for long periods, a type of starting 
equipment is used which depends on the 
rate of change of current in the feeder. 
This starting equipment will bring the 
protection into operation for a few seconds 
each time there is a sudden change of 
feeder current due either to a fault or toa 
rapid change of load. 

To ensure maximum reliability of the 
feeder protection in cases where the 
wide-band coupling equipment is used to 
transmit both carrier relaying and com- 
munications frequencies, the coaxial cable 
from the coupling equipment always is 
terminated in the relaying equipment. 
The connection to the communications 
equipment is made through a network 
which ensures that no fault in or main- 
tenance work on the communications 
equipment can interfere with the effi- 
ciency of the feeder protection. 

For intertripping a new type of carrier 
intertripping equipment now is in use 
with an operating time of about 70 milli- 
seconds. It can be used for either one 
way or bothway intertripping and is 
fundamentally for use on twin feeders, 
but can be used equally well on single 
feeders. 

This equipment operates on a phase 
comparison principle and inadvertent 
tripping of the feeder cannot take place 
as a result of interference picked up 
by the line. At the transmitting end the 
output of a 40-cycle oscillator is used to 
modulate both of two carrier frequencies. 
In each case the carrier frequency is 
suppressed and both sidebands are trans- 
mitted to line but in one case the phase 
of the 40-cycle input is changed by 45 
degrees before modulation occurs. At the 
receiving end the pairs of sidebands are 
selected by filters and in each case one 
side band is demodulated against the 
other producing two 80 cycle signals 
which differ in phase by 90 degrees. The 
two 80 cycle signals are combined and 
rectified by a network that produces 
voltages which are equal in magnitude 


and polarity across the operating coils of 
two polarized relays connected in series. 
If it is desired to send a tripping signal for 
one feeder the phase of the 40-cycle input 
to the first modulator also is changed by 
45 degrees, which results in the two 80- 
cycle signals at the receiving end being in 
phase causing a current to flow through 
the relay coils and operating one of them. 
To trip the other feeder the 40-cycle input 
to the other modulator is changed by a 
further 45 degrees which results in the two 
80-cycle signals at the receiving end 
having a phase difference of 180 degrees. 
This causes a current to flow in the op- 
posite direction through the relay coils, 
operate the other relay and cause trip- 
ping. 

As with carrier relaying, the carrier 
intertripping equipment can be trans- 
mitted through the same coupling equip- 
ment as communication circuits without 
causing interference. 


Power Supplies 


All the carrier current equipment men- 
tioned previously requires the same power 
supplies which are direct voltages of 250 
volts and 50 volts and an a-c supply for 
tube heaters. These are obtained con- 
veniently from the local low tension alter- 
nating current supply by using suitable 
rectifiers and transformers, a standby 
supply being obtained from an automatic 
starting rotary converter driven by the 
station switching battery or an alternator 
driven by a prime mover. Although this 
is usually satisfactory for communication 
equipment where an interval of several 
seconds can be tolerated while the standby 
machine is running up to speed, it cannot 
be tolerated for relaying equipment where 
the supply failure for a short time might 
easily result in the failure of the protec- 
tion equipment to trip a faulty feeder. 
In this case special maintaining equip- 
ment is used to maintain the required 
outputs over the interval between the 
failure of the mains supply and the run- 
ning to speed of the standby machine. 


Discussion 


A. D. Blachford (The Hydro Electric Power 
Commission of Ontario, Toronto, Ont., 
Canada): The author has presented a very 
enlightening paper on the developments and 
techniques of carrier current systems em- 
ployed in the British Isles. It is evident 
that a considerable amount of engineering 
and planning has been done on the problems 
encountered and a new approach has been 
made to their solution. 
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The unique features of broad band cou- 
pling solve many problems when the need 
arises for multiple carrier channels, es- 
pecially in these days when we are faced with 
a crowded frequency spectrum and facilities 
for the addition of extra channels. It might 
be interesting for the author to explain 
whether the capacity of the power line or 
station bus alters the tuning of the band- 
pass filter. 

The choice of voice communication equip- 
ment has been made after a thorough study 
of the numerous systems on hand. His 
choice of single-side-band suppressed car- 
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rier is substantiated by the 20 years of de- 
velopment work which has been spent on this 
subject, and it has been found ideally suited 
to carrier current systems where additional 
frequencies are scarce. 

The multichannel system employs 32 ke 
in both directions of transmission or a total 
of 64 ke and the separation between these 
channels is 82 kc, making a total bandwidth 
of 96. From Figure 1 of the paper this band- 
width would require an upper and lower 
frequency of 225 and 125 ke respectively. 
Assuming that the highest frequency allo- 
cated is 200 ke, would the author explain 
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whether it would be economically possible 
to decrease this separation so that the upper 
frequency limit does not exceed 200 ke 
without impairing the over-all system? 

The second single side-band system de- 
scribed is one of a less complex nature than 
the multichannel system and is ideally 
suited for use by a power utility where a 
nonextensible single circuit is required. 
One of the main features which is desirable 
in a communications circuit is reliability 
and continuity of service. The adoption of 
functional monitoring facilities has elimi- 
nated the loss of a channel by failure of some 
component part by making use of nonurgent 
alarms which will alert the operators to take 
the necessary steps to rectify the fault, 
while the system continues to operate on 
duplicate equipment. 

The phase comparison relaying systems 
installed in England are similar in most re- 
spects to American methods. However it is 
noted that separate frequencies are em- 
ployed for each direction of transmission. 
In conclusion would the author point out 
why they have adopted a 2-frequency sys- 
tem when the need for channel space is so 
urgent. 


W.D. Goodman: The effect of the capacity 
of the power lines and station bus bars on 
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the broad band coupling filter should be 
considered separately, In the case of the 
capacity of the lines this has no appreciable 
effect on the tuning of the filter but will 
affect the line attenuation. The impedance 
of the station bus bars and transformers is 
almost invariably negative at carrier fre- 
quencies and is equivalent to inserting a 
capacitor in series with the line traps which 
has the effect of series resonating a shunt 
arm of the filter at some frequency below 
the mid-band frequency. Unless steps are 
taken to avoid it, this will produce a sharp 
attenuation peak in the lower half of the pass 
band. The position of the peak will depend 
on the capacity of the station equipment. 
If this capacity is greater than about 0.002 
microfarad, for interphase working with 200- 
microhenry line traps, no peak will occur as 
it will be outside the pass band of the filter. 
Two possible methods of eliminating this 
undesirable peak are to install a suitable 
capacitor behind the line traps to make 
sure that the peak falls outside the pass band 
of the filter or to fit a simple network to the 
line trap to eliminate the peak. 

The frequency allocation for the multi- 
circuit communications equipment referred 
to by Mr. Blatchford was originally decided 
on for operation in Britain. The equipment 
was centered on 200 ke which is the fre- 
quency of Droitwich high power radio trans- 
mitter and 16 ke was allowed on either side 
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a) 

7 
to keep well clear of the sidebands of ‘this 
transmitter thus avoiding interference. 
If it was required to equip eight circuits 
below 200 ke it would not be difficult or 
expensive to change the carrier frequencies 
and redesign the directional filters to allow, 
say, 16 ke or 24 ke between the two direc- 
tions of transmission, This would allow an 
S-cireuit system to be accommodated in the 
coupling filter bandwidth available. 

Where phase comparison relaying is used 
over the same feeder as multicireuit com- 
munications equipment the economy of 
frequency space obtained by using the same 
relaying frequency for both directions of 
transmission is not so great as it appears at 
first sight if filter cost also is taken into 
account. The duplex multicireuit communi- 
cations equipment transmit one group cf 
frequencies in each direction and the use of 
a single relaying frequency for both direc- 
tions would mean that a high level trans- 
mitted frequency would be near a low level 
received frequency. In order to avoid inter- 
ference difficulties between the communica- 
tions and relaying equipment, especially 
on long lines, it would be necessary either 
toincrease the frequency separation between 
the two systems or to fit more complicated 
and expensive filters. If the same filters 
were used the greater frequency separation 
required would result in only a small econ- 
omy of frequency space. 
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CONTINUATION of the carrier- 

frequency noise studies described in 
the companion paper,! this paper gives the 
results of a series of measurements of con- 
ducted carrier-frequency noise levels on 
representative power transmission lines 
ranging in voltage class from 23 to 230 
ky. Although the number of individual 
sets of measurements reported herein for 
each voltage class is too limited to permit 
many general conclusions to be drawn 
from the results, it is felt that in view of 
the dearth of published information of 
this type, the data obtained up to this 
time should be presented without delay. 
It is believed that this information, al- 
though inconclusive in some respects, 
will be of considerable value in the ap- 
plication of carrier to power lines. Addi- 
tional measurements are planned, and 
more data will be presented in a later 
paper. 

All noise voltage figures given refer to 
noise voltage to ground on the transmis- 
sion line conductors. In estimating the 
total attenuation of a carrier channel, it is 
the usual practice to include in the esti- 
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mate losses in coupling equipment at both 
ends of the channel.** In making an 
estimate of the signal-to-noise ratio how- 
ever, the strength of the signal on the line 
itself at the receiving point should be es- 
timated and compared with the measured 
or estimated noise voltage at that point. 
Additional attenuation in the channel due 
to losses in coupling equipment and co- 
axial cable to the receiver affects signal 
and noise alike and hence does not change 
the signal-to-noise ratio. 


Equipment and Procedure Used In 
Making Measurements 


The normal setup of the equipment 
used in making the measurements is 
shown in the block diagram of Figure 1. 
The equipment set up at one of the test 
locations, is shown in Figure 2. 

In each series of tests a conventional 
coupling capacitor was used to connect 
the noise measuring equipment to the 
line. The impedance of a coupling capac- 
itor is low at carrier frequencies com- 
pared to the impedance of the drain coil. 
At 100 ke, for example, the impedance of 
a typical drain coil is at least 75,000 ohms, 
and at the same frequency the impedance 
of a 0.001 microfarad capacitor is ap- 
proximately 1,600 ohms. Consequently 
it is possible to obtain, with a noise meter 
of high input impedance, readings of 
noise voltage across a conventional drain 
coil essentially equal to the actual noise 
voltage on the line. However, it was 
deemed advisable because of possible res- 
onant effects in the drain coils (some of 
which had unknown characteristics) to 
calibrate the drain coil used in each series 
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of measurements with a capacitor of the 
same value as the coupling capacitor, in 
order to check the voltage-dividing prop- 
erties of the network with respect to the 
frequency. Noise voltages measured at 
various frequencies were thus corrected 
to actual line noise values. 

When measurements made 
through a coaxial cable and a conventional 
tuner and coupling capacitor combina- 
tion, the calibration procedure described 
previously was of course necessary in 
order to correct to the actual line value the 
widely different readings obtained as a 
result of coupling capacitor and tuner 
resonance, and the varying load presented 
by the coaxial cable and other con- 
nected equipment. 

The general procedure used to obtain 
the data was as follows: 


were 


1. After calibration of the equipment with 
the drain coil and coupling capacitor to be 
used in a particular set of tests, the peak, 
quasi-peak, and average noise voltages dur- 
ing clear weather were measured at frequent 
intervals throughout the power line carrier 
spectrum. Measurements were made only 
at frequencies free of interfering signals, as 
determined by listening tests. 


2. The wave form of the noise meter output 
was observed at several frequencies in the 
spectrum and photographed. The sweep 
frequency and the exposure was noted so 
that the approximate pulse repetition rate 
could be determined. 


8. The noise meter was set to a convenient 
frequency clear of interfering signals and, 
after recalibration with a recording instru- 
ment, was left to record qutasi-peak noise 
continuously. The recording period was 
sufficiently long to include a variety of 
weather conditions, of which a record was 
kept at most test locations, and switching 
operations, if any were regularly performed. 
Calibration was checked regularly during 
the recording period and at its conclusion. 


4. In one test the peak, quasi-peak, and 
average noise voltages over the carrier spec- 
trum were rechecked during stormy weather. 


Description of Locations at Which 
Noise Was Measured 


The measurements reported in this 
paper were made at a total of 10 locations 
on six different power systems. Figure 3 
gives the details of typical line construc- 
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Figure 1. Block diagram of equipment used 
in making carrier-frequency noise studies 


Capacitor C, equal in capacitance to the 

coupling capacitor, is used to calibrate the 

coupling capacitorand drain coil so that noise 

measured across the drain coil can be con- 
verted to actual line noise value 


tion at each location. Locations A and B 
were at opposite ends of the same 31.5 
mile double-circuit 132-kv line. Location 
A was the switchyard of a large steam 
generating station serving nine 132-kv 
lines. This location is known to be rela- 
tively noisy from the standpoint of car- 
tier operation. Location B was the 132- 
kv bus of a large 132-kv switching and 
transformation station from which ten 
132-kv lines emanate. 

Location C was 18.3 miles from one end 
of a 67 mile 110-kyv line which loops 
through but .does not terminate in a 
110/22-kv substation. Location D was 
the 22-ky bus of this same substation. A 
total of four 22-kv lines are connected to 
this 22-ky bus. Location E was another 
22-kv bus, with four 22-kv lines, at a 
different substation on the same power 
system. 

Locations F and G were on different 
power systems but at opposite ends of the 
same 50-mile 220-ky line. Location H 
was the 132-kv bus at a large steam gen- 
erating station on a system intercon- 
nected with the system containing loca- 
tions Aand B. Location I was the 66-kv 
bus of a substation serving a large steel 
plant through a 4.3-mile double-circuit 
'66-kv line. The substation is served from 
a 66-kv ring surrounding a large metro- 
politan area. Location J was a 66-kv 
bus at the same generating station as 
location H. 


General Nature of Conducted 
Carrier-Frequency Noise 


A summary of the quasi-peak to aver- 
age noise voltage ratios obtained at all 
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Figure 2 (right). Noise meas- 
uring equipment set up at a 
test location 


The large box on the ground 
at the right of the noise meter is 
a weatherproof housing con- 
taining a second noise meter 
equipped with a chart re- 
corder, used for obtaining a 
record of noise distribution 
with time. On the table be- 
side the oscilloscope is the 
signal generator with built-in 
vacuum-tube voltmeter, used 
for calibration purposes 


locations is given in Table I for frequen- 
cies of 30, 100, and 200 ke. In all cases 
the ratio exceeds the figure of 1.8, which 
has been used as a criterion for the pre- 
dominance of impulse noise.! In view of 
the narrow bandwidth of the noise meter 
(Stoddart NM-10A) used to obtain these 
figures, particularly at the lower end of 
the spectrum, these figures clearly in- 
dicate the general predominance of im- 
pulse noise over random noise on trans- 
mission lines, Higher ratios would have 
been obtained with a meter having a 
bandwidth more nearly equivalent to the 
usual carrier receiver bandwidths. 

On most power systems, oscilloscope 
patterns of the voltages appearing directly 
across a drain coil cannot be expected to 
yield much significant information be- 
cause of the presence of numerous carrier 
signals, one or more of which may ex- 
ceed noise pulses in magnitude. At afew 
of the locations at which these tests were 
made, however, there were no nearby car- 
rier channels in operation, and it was 
possible to obtain oscilloscope patterns 
of the voltage across the drain coils be- 
lieved to be typical of noise alone. Volt- 
ages across the drain coils at locations D, 
E, and I, for example, are shown in Figure 
4. The wave trains simulate the oscilla- 
tions of a tuned circuit to which pulses 
are applied. It is possible that the drain 
coils themselves, responding to noise 
pulses with oscillations at their resonant 
frequencies, were primarily responsible 
for this effect. However, other reso- 
nances in the power systems involved may 
have played a part. 

The 5-second exposure, Figure 4(d), 
indicates the more or less regular appear- 
ance of a pulse on each half-cycle of each 
phase voltage. In most of the observa- 
tions of this type, however, it was noted 
that the wave train for a particular half- 
cycle of a single phase (presumably the 
phase to which the oscilloscope was 
coupled) predominated over the others. 
The predominance of this peak and the 
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variable nature of its amplitude gave an 
effective pulse rate well below 60 pulses 
per second. 

Typical of the several hundred photo- 
graphs of the noise meter output obtained 
during these tests are those shown in 
Figure 5. These photographs show the 
a-c component of the rectified envelope 
appearing at the detector output in each 
case. The smoothing and delaying ef- 
fect of the tuned circuits of the noise 
meter upon the pulse response is evident 
by comparison of Figures 4 and 5. 

At some locations the noise pulses were 
relatively consistent and regular in am- 
plitude and repetition rate. At others, 
especially in the lower voltage classi- 
fications, the pulses were so irregular both 
in occurrence and in amplitude that os- 
cilloscope observation yielded little in- 
formation. For example, Figures 5(a) 
and (b) taken at locations D and E re- 
spectively with 1/30 second exposure and 
sweep period, and the corresponding time 
exposures, Figures 5(c) and (d), indicate 
extreme irregularity of the pulses at these 
locations. Both of these were 22-kv 
busses. Figures 5(e) and (f) are 1/30 
second exposures taken within a few 
seconds of each other at location I with 
the noise meter tuned to 200 ke. No 
prominent pulses occur in Figure 5(e), 
whereas several large peaks occur in 


Figure 5(f). (The extra traces in these 
and similar photographs in Figure 5 re- 
Table I. Ratio of Quasi-Peak to Average 
Noise Voltage 

Frequency, Ke 

Location Ky 30 100 200 
Ads eens 132 + 2:0) uaOneneaee: 

Bia ss arorate 132 22.0 pet eine 
Caer 110 ..4.12, .6.08. os8 
Die 22 . 2:86, ue eeieeenes 
aes oe ‘22 (Fair Weather). .5..0 ..3.03..2.66 

) As 22(Thunderstorm). .5.84..2.9 ..2.31 
Fe 220 . 3.5) 52h Oumar 
Gti 220 . 6. eo ers. 

Is (seta 132 ..2.5 ,.2.46..2.86 
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sulted from the persistence of the oscillo- 
scope screen, which tended to retain pre- 
vious traces to some extent.) 

On the other hand, photographs of the 
noise meter output taken at all 110 to 
220-kv locations indicate more nearly reg- 
ular and consistent pulse repetition. 
Figure 5(g) and the corresponding time 
exposure, Figure 5(h) were taken at loca- 
tion C (110 kv) at 63 ke. These indicate 
the presence of a prominent pulse once 
each cycle of the 60-cycle frequency, such 
as might be caused by corona discharge 
at the peak of the negative half-cycle of 
the phase to which the instruments were 
coupled. Less prominent peaks are 
evident on the corresponding half-cycles 
of the other two phases. Similar photo- 
graphs taken over the frequency range 
from 20 ke to 156 kc at this location are 
almost identical in appearance. All in- 
dicate that although the pulse amplitude 
is highly variable, the most prominent 
pulse occurs near the same point in the 
cycle. On many of the short exposures 
no prominent pulse is visible, indicating 
that on some cycles the pulse is missed 
completely. Similar results are indicated 
in Figures 5(i), (j), and (k), taken at loca- 
tion H (132 kv) at 100 ke. Figure 5(i) 
shows a prominent pulse at one point in 
the cycle which is practically absent in 
Figure 5(j) taken a few seconds later. 
Figure 5(k), a time exposure, shows pre- 
dominance of a pulse at one particular 
point on each cycle and is similar to Figure 
5(h) in this respect. 

In Figure 5(1), the large pulse at the 
center of the trace appears to be pre- 
dominant, but the time exposure, Figure 
5(m), shows that the corresponding im- 
pulses on the other two phases were on 
the average almost equal in magnitude. 
These records were made at location A 
(182 kv) at 85 ke. 

Records made at the two 220-kv loca- 
tions (F and G) indicate regular occur- 
rence of a pulse on one half cycle of each 
phase, voltage, with no particular phase 
strongly predominating. Figure 5(n) 
and (0), taken at 156 ke at location F, 
are representative of the records obtained 
at various frequencies over the carrier 
spectrum at both 220-kv locations. 


Variation of Noise Voltage with Fre- 
quency 


Curves of the peak, quasi-peak, and 
average noise voltages over the frequency 
range of 15 to 250 ke at all locations 
studied are shown in Figure 6. Data 
for these curves were taken with a Stod- 
dart type NM-10A noise meter. The 
bandwidth of this instrument as a func- 
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Figure 3. Details of typical line configurations at the test locations 


A total of nine 66-ky lines of widely diferent construction emanate from location J, hence no 
particular configuration can be shown as typical for this location 


tion of frequency is shown in Figure 7. 
In spite of the relatively narrower band- 
width of the meter at the lower end of the 
frequency range, all the curves show a 
general increase in noise level with de- 
creasing frequency. This indicates that 
the rather general practice of reserving 
frequencies at the low end of the carrier 
spectrum for long-haul channels, to take 
advantage of the lower attenuation at 
these frequencies, may not result in as 
much gain with respect to signal-to-noise 
ratio as the attenuation figures alone 
would indicate, and in fact could con- 
ceivably result in a net loss. 

The peaks and valleys that occur in the 
curves of Figure 6 are believed to be at 
least partly attributable to the presence 
of stub lines at or near the test locations, 
because in some cases they occur with a 
degree of regularity with respect to fre- 
quency. In Figure 6(b) for example, the 
peaks for all three types of noise are 
separated by intervals of almost ex- 
actly 40 ke, with the valleys halfway be- 
tween. At location D, a 0.86 mile line is 
connected to the bus. Quarter-wave res- 
onance of this line at 54 ke probably ac- 
counts for the extreme dip in Figure 6(d) 
at this frequency. If the assumption that 
stub lines are responsible for these ef- 
fects is correct, it appears that noise is 
affected by such stub lines in much the 
same manner as signals, and that a large 
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portion of the noise at a given location 
arrives from distant sources. 

Figures 6(f) and (g), taken on successive 
days at opposite ends of a 50-mile 220- 
ky line, correspond closely in so far as the 
general noise level indicated is concerned. 
This suggests the possibility that noise 
measurements made at one point on a 
power system are closely indicative of the 
general noise level at neighboring points 
on the system. Although Figures 6(a) 
and (b) were taken from measurements 
made on the same 132-kv power system, 
the times at which the data were taken 
were widely separated, and hence the re- 
sults are not necessarily indicative of 
what would have been obtained if the 
measurements had been made simultane- 
ously. Figure 6(h) shows the results of 
measurements on an adjacent intercon- 
nected 132-kv system. These curves 
agree generally with Figure 6(b) but 
again the times of measurement were 
widely separated. 


Variation of Noise Voltage with Time 
and with Weather Conditions 


The dotted curves of Figure 6(e) show 
the results of a series of peak and average 
voltage measurements made during a 
heavy thunderstorm, as compared with 
the solid curves which show results of 
measurements made at the same location 


1327 


Figure 4. Oscilloscope patterns of noise 
voltage directly across drain coil 


(a). Location D, 22 kv, 1/30-second expo- 
sure; (b). Location E, 22 ky, 1/30 second; 
(c). Location |, 66 kv, 1/30-second with 60 
cycles per second timing wave superimposed; 
(d). Location D, 22 kv, 5-second exposure 


These 
measurements were made on successive 
days. 


during bright and clear weather. 


In some portions of the spectrum 
the peak values during stormy weather 
were as much as ten times the fair-weather 
values. Quasi-peak readings taken dur- 
ing stormy weather were inconclusive be- 
cause the behavior of the indicating in- 
strument under these conditions was so 
extremely erratic that no definite values 
could be assigned to the indications. 
Readings of average voltage during 
stormy conditions followed very closely 
the curve taken for fair weather condi- 
tions. These results indicate that the 
major increase in the noise level during 
stormy weather resulted from the pres- 
ence of extremely large impulses of en- 
tirely random occurrence. The repetition 
rate of these pulses was apparently too 
low to affect the average value of the 
noise response appreciably. 

In an effort to determine the range of 
variation of noise levels over long periods 
of time and under a vanety of weather 
conditions, continuous graphic recordings 
were made of quasi-peak noise voltage at 
all the locations studied. During most of 
these tests local records of weather condi- 
tions were kept and these were later 
transferred to the noise charts. A Ferris 
model 32A noise meter was used in most 
of these tests, the majority of which were 
made at 156 ke. The bandwidth of this 
instrument at 156 ke is approximately 
2,000 cycles, as compared with the 400- 
cycle bandwidth of the Stoddart type 
NM-10A noise meter used to obtain all 
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Figure 5. 


Typical oscilloscope patterns of noise meter output 


All 1/30 second exposures were taken with 1/30-second oscilloscope sweep period and some 


have a 60-cycle timing wave superimposed. 


location D, 22 ky, 5 seconds; (d). 
1/30 second, 200 ke; 


location E, 22 kv, 5 seconds; 
(f). location |, 66 kv, 1/30 second, 200 ke; 


Extra traces result from previous sweeps. (a). 
location D, 22 kv, 1/30 second, 156 kc; (b). 


location E, 22 kv, 1/30 second, 156 ke; (c). 
(e). location |, 66 kv 
(g). location C, 110 ky; 


41/30 second, 63 kc; (h). location C, 110 kv, 5 seconds; (i). location H, 132 kv, 1/30 second 


(Gj). location H, 132 kv, 1/30 second; (k). 
132 kv, 1/30 second; (m). 
second; (0). 


the other data reported in this paper. 
The Ferris model 32A instrument has a 
quasi-peak weighting circuit with 10- 
millisecond charge time as compared with 
the 1-millisecond charge time of the NM- 
10A, which meets the proposed new 
standards for noise meters.4 A correc- 
tion has therefore been applied to the 
data obtained with the model 32A in- 
strument to account for these differ- 
ences.*® The results can thus be com- 
pared without reference to differences be- 
tween the two instruments actually used. 

Typical segments of some of the chart 
records obtained are shown in Figure 8. 
Figure 8(a) is of interest because it shows 
a marked drop in noise level coincidental 
with a switch operation and restoration 
of the original noise level when the system 
returned to the previous setup. Fair 
weather prevailed throughout this sample 
record. 

A marked increase in quasi-peak noise 
during thunderstorms is indicated by 
Figure 8(b), in which the chart pen con- 
tinually ran off scale during thunderstorm 
conditions. Much lower values are in- 
dicated during subsequent light rain with- 
out thunder, however, indicatin g that the 
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location H, 132 kv, 3 seconds, (I). 
location A, 132 kv, 5 seconds; (n). 
location F, 220 kv, 3 seconds 


location A, 
location F, 220 kv, 1/30 


increase in noise level was more closely 
associated with lightning discharges than 
with rain itself. 

A gradual increase in noise level with 
increasing cloudiness and subsequent 
light rain, followed by a return to lower 
values with clearing weather, is indicated 
by Figure 8(c) (location B). 

In the tests at location B weather 
records from three additional widely 
separated points on the 132-kv system 
were examined in conjunction with the 
chart record of noise. It was found that 
rain or thunderstorm conditions reported 
at any one of these three points were 
accompanied by a marked increase in the 
noise recorded, even though fair weather 
prevailed at the recording point. This is 
further evidence that noise at a particular 
location on a power system contains 


Figure 6. (On opposite and succeeding 3 

pages). Peak, quasi-peak, and average noise 

voltage, phase-to-ground, as a function of 
frequency 


All curves show fair-weather values except 
the dotted curves for location E, which show 
noise levels during a heavy thunderstorm 
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components that originate at remote 
points on the system, The maximum 
recorded values, however, coincided with 
thunderstorm conditions at the recording 
point, light rain without 
thunder appeared to coincide with notice- 


log and 


able but not extreme increases in recorded 
noise, 

The continuous chart records were 
analyzed as follows; The total recording 
time at each location was divided into 
half-hour intervals, and the maximum 
quasi-peak value reached in each of these 
intervals wasnoted, The maximum value 
was taken as the maximum excursion of 
the recorder pen, exelusive of the six 
highest excursions in any half-hour period, 
High isolated peaks of relatively infre- 


Figure 7. Bandwidth of Stoddart type NM- 
10A noise meter as a function of frequency 
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quent occurrence were thus eliminated, on 
the basis that these would not seriously 
affect carrier channel operation in any of 
the usual applications. The number of 
time intervals during which the noise ex- 
ceeded specific values was then plotted 
as a percentage of the total number of 
time intervals for each test. 

The results of the analysis of the quasi- 
peak records are shown in Figure 9, in 
which the curves for all the tests are 
superimposed, All the curves reveal 
variations in quasi-peak noise with time 
over a range of at least 20 decibels. At 
some of the locations, the measured 
variation exceeded 40 decibels and at 
some the variation was so extreme that 
the maximum values exceeded the full- 
scale range of the recorder and hence 
could not be measured, 

The curves of Figure 9 show that the 
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general noise level at a given location, is 
not a function of system voltage alone. 
Among the lowest over-all noise levels 
were those recorded at the 22-kv and 220- 
kv locations at 156 ke, These voltages 
are at the two extremes of the range of 
voltage classes studied. 

Further evidence of the inverse varia- 
tion of quasi-peak noise levels with fre- 
quency are the curves for noise at 63 ke 
at the two 22-ky locations. The curves 
for noise at 63 ke are roughly 25 decibels 
above those taken from the 156-ke records 
at these locations. These curves con- 
stitute more conclusive evidence than 
Figure 6 of the increase of noise with re- 
duced frequency, because the data for 
these curves were taken over sufficiently 
long intervals to be representative of the 
normal distribution of the noise levels 
with time. For all except a small per- 
centage of the total recording time at each 
location, the quasi-peak noise at the 
lower frequency is a fairly constant mul- 
tiple of that at the higher frequency. 
The actual magnitude of the difference 
between the two sets of curves is not be- 
lieved to be typical. 

It is believed that the high noise level 
recorded for a portion of the time at loca- 
tion I (66 kv) was caused by intermittent 
operation of are furnaces at the steel mill 
served from the bus at this location. The 
chart record for this location shows fre- 
quent sudden increases in noise level 
from low steady values to very high and 
fairly constant levels, followed by equally 
sudden drops back to the lower values. 
Because of the low minimum values, it is 
believed that the noise generated on the 
transmission lines themselves associated 
with this location was much lower than is 


indicated by analysis of the chart record 
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including this externally generated noise. connected points, Figure 8. Typical chart records of quasi- 

The curves of Figure 9 for locations F In general, Figure 9 shows that noise peak noise 
and G, two directly interconnected 220 voltages at times reach considerably ) : ®, 
, - (a EHect of switch operation, Co Vari 


ky stations, are almost identical. This is higher values than has been commonly ation of noise during thunderstorms and sub 


further evidence that a measurement of | supposed. Voltages as high as 0.5 volt sequent rain without thunder) (ce) Buildup 
noise level at one point on a system is rep- were recorded for small percentages of the of noise to thunderstorm value and return to 
resentative of the level at nearby inter- total recording times at several of the fair-weather level 
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locations, and it is believed that values as 
high as 1 volt or even greater would have 
been recorded if the recorder had been 
calibrated to measure them. These 
curves are based on noise in a 400-cycle 
bandwidth, and application of a band- 
width correction factor to obtain repre- 
sentative values for the usual carrier re- 
ceiver bandwidths will result in higher 
values. Also, in view of the foregoing 
data on the variation of noise level with 
frequency, a higher general level could be 
expected below the 156-kc frequency at 
which most of the recorded measure- 
ments were made. 


Conclusions 


From the data presented in this paper 
it is possible to draw several definite con- 
clusions regarding carrier-frequency con- 
ducted noise on power lines, and other 
conclusions that must be considered as 
tentative and subject to further tests and 
study. The definite conclusions are as 
follows: 

1, Carrier-frequency conducted noise 
on power lines is predominantly impulsive 
in nature. Impulse repetition rates on 
most high-voltage lines varies from 60 per 
second to as much as 180 per second, but 
the irregularity of the amplitudes of the 


, 


individual pulses results in an effective 
pulse rate considerably below these 
figures. 

2. The general level of peak, quasi- 
peak, and average noise decreases with 
increasing frequency at a given location. 

8. Carrier-frequency noise levels at 
times reach values considerably greater 
than has been commonly supposed to 
exist on power systems, with quasi-peak 
noise voltage in a 400 cycle bandwidth ex- 
ceeding 0.5 volt for appreciable per- 
centages of time on some systems. 

4. Switch operations can cause 
marked changes in carrier-frequency 
noise levels at nearby locations on a power 
system. 

5. Peak values of noise at a given 
location increase during nearby thunder- 
storms to as much as ten times clear- 
weather values. The increase in noise 
level under these conditions results pri- 
marily from the presence of extremely 
large pulses of random occurrence. 

6. There is no direct relation between 
transmission line voltage class and carrier 
frequency conducted noise level. 

7. Noise at a given location on a 
power system contains components that 
originate at distant points on the system. 

The following conclusions must be re- 
garded as tentative and subject to con- 


Figure 9. Distribution of quasi- 
peak noise level with time. Data 
for all curves were taken over 
periods sufficient to include a 
variety of weather conditions, 
except curve for location J. The 
curve for location | is not con- 
sidered to be typical, for reasons 
discussed in text. Total recording 
time for each curve was as follows: 
Location A, 160 kc, 117 hours; 
location B, 156 kc, 1,076 hours; 
location C, 156 ke, 503 hours; 
location D, 156 ke, 323 hours, 
location D, 63 ke 110 hours; 
location E, 156 ke, 165 hours, 
location E, 63 kc, 74 hours; 
location F, 156 ke, 639 hours; 
108 location G, 156 kc, 619 hours; 

location H, 156 kc, 639 hours; 

location 1, 156 kc, 317 hours; 

location J, 156 ke, 120 hours 


firmation by further tests: 

8. Noise levels measured at one point 
on a power system are closely indicative 
of the noise levels at neighboring inter- 
connected points on the system. 

9. Noise levels at a given location are 
affected by the presence of stub or tap 
lines in much the same manner as desired 
signals arriving from distant locations. 
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ECENT expansion in generating 
capacity of The Hydro-Electric 
Power Commission of Ontario together 
with the policy of centralized control has 
necessitated a power line carrier system 
of over 60 channels for the purpose of 
communication, telemetering, load-fre- 
quency control, and protective relaying. 
The carrier terminals, in general, are 
concentrated at specific station locations 
with one particular station utilizing over 
20 operating carrier frequencies to provide 
the necessary services. The total carrier 
channel mileage is approximately 16,000 
operating over 2,600 circuit miles of the 
power network, 

The application of these carrier chan- 
nels to an extensive power network is a 
difficult problem in that the system in- 
volves circuits of different physical char- 
acteristics, types of construction, and 
varying lengths of parallels in close prox- 
imity. These characteristics, which may 
not be of any importance at power fre- 
quencies, must be considered for carrier 
frequencies. In view of the complexities 
in operating conditions and requirements 
together with the limited frequency 
spectrum, 50-200 kc, a knowledge of the 
transmission characteristics of the power 
system at carrier frequencies is essential 
to the co-ordination of a power line carrier 
network for the reliable functioning of the 
channels with a minimum of interference. 

The purpose of this paper is to present 
the method of measurement and quanti- 


tative results of the more important 


transmission factors and their considera- 
tion in the co-ordination of a power line 
carrier network. 


Cross-Coupling 


The plan or physical layout of a power 
system network has a direct bearing on 
the amount of carrier interference to be 
expected. Concentration of services at 
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specific stations, physical parallels, and 
lengths of transmission lines, along with 
various possible switching conditions are 
of prime importance from a carrier inter- 
ference viewpoint. Further, variable 
dimensions of transmission lines such as 
spacing, height and diameter of power 
conductors, and horizontal and vertical 
separation of disturbed and disturbing 
conductors are factors to be considered. 

Theoretically, it is possible to determine 
by computations the effect of these 
factors, electrical as well as dimensional, 
for simple cases, but even with simplify- 
ing assumptions, the work is tedious and 
the results approximate. In complex 
cases when all factors are considered, 
quantitative results are best obtained by 
field measurements. 

Variations in circuit conditions and 
types of service necessitate each carrier 
installation to be treated individually, 
with consideration given to multichannel 
operation and equipment characteristics. 
The allowable interference on any one 
channel will depend on the type of service 
in question. Should the service be an 
f-m voice communication channel, for 
example, considerable carrier interference 
could be tolerated; on the other hand, an 
a-m carrier employed for protective re- 
laying could not tolerate carrier inter- 
ference near or on the operating frequency 
where such a signal might cause incorrect 
circuit breaker operation. 


The initial step in selecting operating 
frequencies would be to employ low fre- 
quencies (50-100 kc) for protective re- 
laying carriers wherever possible, since 
present relay receivers are more selective 
at the lower frequencies. Further, these 
carriers operate intermittently and there- 
fore their generated harmonics are not a 
continuous source of interference to other 
channels. Carriers used for voice com- 
munication, telemetering, and load con- 
trol could be allocated within the band 
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100-200 ke, since they operate continually 
and harmonics are not a problem to car- 
riers operating on lower frequencies. 
The problem is then one of selecting 
power levels and frequencies so that a 
minimum number of frequencies can be 
used on a maximum number of channels. 
Provided the channel interference is 
sufficiently low to permit satisfactory 
operation, the same carrier frequency 
may be repeated. The amount of inter- 
ference can be determined by cross- 
coupling measurements. Cross-coupling 
loss is considered as a measure of the at- 
tenuation in carrier signal between ~ 
coupled circuits. A method whereby 
these losses may be determined is in- 
cluded in Appendix I. 

Curves for a typical set of cross-coupling 
measurements are included in Figures 
1, 2, and 3 with the circuit separations 
and conductor configurations shown in 
Figures 4 and 5. In Figures 1, 2, and 3, 
the reference curve indicates the attenua- 
tion of carrier signal along the disturbing 
circuit. Figure 1 shows near-end and far- 
end cross-coupling loss measured on the 
phase wires adjacent to the disturbing 
conductor. The measured values in- 
dicate the similarity of near-end and far- 
end cross-coupling losses and the close 
approximation at some frequencies to the 
attenuation. The cross-coupling losses 
for the configuration shown in Figure 2 
are generally higher than the losses for the 
circuit in Figure 1 primarily because of in- 
creased separation of the disturbed and 
disturbing conductors. A comparison is 
made in Figure 3 of phase-to-ground and 
phase-to-phase far-end cross-coupling loss, 
with a phase-to-phase disturbing signal 
transmitted on adjacent wires of a twin 
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STATION ie! 


Figure 1 (left). 
Cross - coupling 


loss,  phase-to- 
ground on ad- 
jacent conduc- 


tors of a 96 mile 
twin circuit line 


Figure 2 (left). Cross-cou- 
pling loss, phase-to-ground on 
conductors of adjacent circuit 
of a 96 mile twin circuit line 


Figure 3 (left). Far end cross- 
coupling loss, phase-to-phase 
and phase-to-ground on con- 
ductors of adjacent circuit of a 
96 mile twin circuit line 


Figure 4 (left). 
Plan view of twin 
circuit and single 
circuit 230 kv 60 
cycles lines 
showing parallels 
and conductor 
phasing 


Figure 7 (right). 
Configuration, 
separation and 
height above 
ground of power 
and ground con- 
ductors in single 
circuit construc- 
tion 
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Figure 5. Configuration, separation and | 
height above ground conductors in twin 
circuit construction 
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Figure 6. Plan view of composite 230 kv 
60-cycle lines showing circuit separation and 
conductor phasing 
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Figure 8 (left). Actual and 
average values of attenuation 
versus frequency for phase-to- 
phase and _phase-to-ground 
transmission 


Figure 9 (left). Average 
attenuation versus frequency 
phase-to-ground transmission 
on single, twin and composite 


circuits 
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Figure 10 (left). 
Average attenu- 
ation versus fre- 


Figure 11. Typical test set-up 
and equipments used for 
measurements 
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Figure 12. Magnitude of resistive component 
of coupling circuit at resonance versus 


frequency 


quency, phase- 


to-phase __ trans- 


mission on single, 


twin and com- 


posite circuits 


Figure 13 (right). 
Actual measured 
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circuit line. The losses decrease with 
increasing frequency and there is no 
defined difference in attenuation whether 
the terminating equipment is connected 
phase-to-ground or phase-to-phase. 

One application of the results from 
these measurements may be made by re- 
ferring to Figure 2. Consider two car- 
riers operating while phase-to-ground on 
adjacent power circuits. The far-end 
and near-end cross-coupling loss at 115 
ke is 29 decibels and the circuit attenua- 
tion 17 decibels. The interfering signal 
therefore will arrive 12 decibels below 
the level of the required signal. 

The study of quantitative field 
measurements permits the optimum use of 
coupling loss in selecting the method of 
coupling and frequency. If measured 
values of coupling loss were not avail- 
able, a margin of only 2 or 3 decibels 
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ance _ phase-to- 
ground and 
phase-to-phase 


could be safely assumed. It is practical 
to operate common frequencies on paral- 
lel power circuits by the judicious choice 
of frequencies where the coupling loss is 
high. The/results were obtained under 
ideal conditions with the transmission 
line disconnected from associated power 
equipment. However, this same condi- 
tion is approached when line traps are 
employed because the conductors are 
isolated at the operating frequencies by 
a high impedance. 


Attenuation 


Previous mention has been made of the 
selection of operating power levels. These 
levels must be sufficient to provide ade- 
quate signal-to-noise ratios at the re- 
ceivers by exceeding the noise and the 
attenuation of line and coupling equip- 
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ment, and must account for additional 
line losses due to weather conditions. The 
line losses may be determined by measur- 
ing input and output power levels. A 
satisfactory method is given in Appendix 
I with the testing equipment illustrated 
in Figure 11. The results of measure- 
ments made on several typical circuits are 
shown in Figures 8 to 10, The configura- 
tions are given in Figures 4 to 7. 

The variation of attenuation with fre- 
quency for a 96 mile vertically spaced 
twin circuit line is given in Figure 8. 
Average curves have been shown in each 
of the graphs for phase-to-phase and 
phase-to-ground transmission. Figures 
9 and 10 are also average values since in 
each case the over-all attenuation is es- 
sentially the same regardless of which 
phase conductor or conductors are em- 
ployed. Figure 9 shows the variation of 
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D-96 MILES TWIN CIRCUIT 


Figure 14 (left). 
Average phase- 
to-ground = im- 
pedance of cir- 
cuits of different 
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construction and 
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Figure 15 (right). 
Average imped- 
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the phase-to-ground attenuation for cir- 
cuits of several lengths and of different 
configuration. Similarly Figure 10 is the 
phase-to-phase attenuation. It is ob- 
served that the phase-to-ground attenua- 
tion for horizontal spacing (single circuit 
towers) is less over the main portion of 
the spectrum than for vertical spacing 
(twin circuit towers) for lines of equiv- 
alent length. However, for phase-to- 
phase coupling the opposite condition is 
true over the carrier spectrum. The re- 
sults of these curves are summarized in 
Table I, where the attenuation is shown 
in decibels per mile of transmission line at 
100 ke. 

A study of attenuation on numerous 
lines over the carrier frequency spectrum 
has led to the following empirical for- 
mulas: 


N=(0.5fX1072+0.1)d (1) 
N=(0.4f X10-#+0.06)d (2) 
where 


N=total attenuation in decibels 
f=frequency in kilocycles 
d=length of line in miles 


Equations 1 and 2 may be used to cal- 
culate the phase-to-ground and phase-to- 
phase attenuation respectively. These 
equations are approximate in that they 
are derived from over-all average values. 
However results of sufficient accuracy can 
be obtained to predict the behaviour of a 
carrier wave on a line of given length. 

The average curves (Figures 8-10) 
should not be interpreted as actual re- 


sults to be expected on a line. Measured 
Table | 
Phase- Phase- 
: to- to- 
Line Ground Phase 
: Configuration Attenu- Attenu- 
Line Miles Miles ation, ation, 
Length, Single Twin Db/Mile Db/Mile 
Miles Circuit Circuit atl00Ke at100Kc 
9605s Sed DORA. Ube iene 0.10 
OG ice siete tere. 96 \ Uy Seaeaete 0.10 
ISS che. 2 Agee: 64. teins OnIS ie 0.09 
CODE ede acs 170309, OO severe 0.14 
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phase of circuits 


of different con- 


struction and Oo 20 40 60 80 100 [20 = 160 Bs 200 220 240 260 280 300 320 


composition 


results will not show smooth variation of 
attenuation with frequency. The at- 
tenuation on a line will vary with many 
factors, for example, wire type and size, 
length of circuit, ground resistivity, in- 
sulator type, wire spacing, tapped lines, 
type and method of coupling to the line, 
changes in type of construction along the 
line length, and the presence of ground 
conductors. 

In general for lines in excess of 50 miles 
in length, the value of attenuation de- 
rived from the empirical formulas may be 
used for engineering calculations. How- 
ever in the selection of operating frequen- 
cies, the measured losses should be utilized 
for transmission quality and co-ordination 
considerations, due to possible wide 
variations in attenuation over a small 
frequency range. 


Impedance 


The input impedance of the line and 
coupling equipment, with the circuit 
reactance tuned out, was measured simul- 
taneously with the transmission line at- 
tenuation. A set of typical results is in- 
cluded in Figures 13 to 15, with the 
method of coupling to the line shown in 
Figures 18B and 18C. 

The curve in Figure 12 denotes the 
magnitude of the resistive component of 
the coupling circuit at resonance, as a 
function of frequency. The measured 
values of input impedance include this 
component which contributes to the high 
impedance at the lower frequencies. 

The phase-to-phase and _phase-to- 
ground impedance is compared in Figure 
13 from which average curves were de- 
tived. Similarly, Figures 14 and 15 dis- 
play the average phase-to-phase and 
phase-to-ground impedance for circuits of 
different lengths and configuration. Table 
II is a summary of the impedance at 100 
ke. In all cases, the phase-to-phase im- 
pedance is more than that for phase to 
ground. 

A comparison of the phase-to- -ground 
impedance for horizontal spacing (single- 
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circuit towers) and vertical spacing 
(double-circuit towers) shows that the 
two differ by approximately 80 ohms. 
Similarly for frequencies above 100 ke the 
same condition exists for phase-to-phase 
impedance. 

The values of impedance in Table II 
refer to the sum of the resistive com- 
ponents of the transmission line and 
coupling equipment, and are not the true 
line impedance. However, in most cases 
the measured input impedance is more 
important from the viewpoint of correct 
matching of the terminal equipment to the 
line. 

In addition to the preceding, the im- 
pedance has been determined using volt- 
age-current, and substitution methods. 
An Impedance-Angle meter was employed 
for comparison, but it was found that the 
accuracy is affected by the presence of 
extraneous voltages. Since these meth- 
ods require separate testing circuits, the 
previously adopted method was employed 
for the results depicted in Figures 13, 
14, and 15. 


Noise and Field Intensity 


The output power level of transmitting 
equipment is selected to provide an ade- 
quate signal-to-noise ratio at the carrier 
receiver terminals. The noise voltages 
present at a receiver input circuit will de- 
pend on the operating voltage of the 
power circuit and the type of transmis- 
sion employed, that is, phase-to-phase or 
phase-to-ground. The value of noise 
measured with test instruments is difficult 
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Figure 16 (left). 
Magnitude __ of 
noise with line 
energized and 
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TWIN-CIRCUIT LINE 


Figure 17 (left). 
Field intensity in 
the vicinity of 
transmission line 
produced by 3 
watts at 200 kc 
and 2 watts at 
160 ke 


Figure 18 (right). 


to relate to that obtained under actual 
operating conditions. However, the re- 
sults will indicate the noise variation with 
frequency. 

Noise in the carrier band of frequencies 
was measured on energized 230 and 115 
kv lines. The measured value of the 
noise on the 115 kv lines tested was found 
to be lower than the sensitivity of the test 
equipment. This value was in the order 
of —70 decibels below 1 milliwatt with 
the line energized and de-energized but 
noise on 230 kv lines was considerably 
more. Figure 16 shows the magnitude of 
the noise obtained on one circuit. The 
method of measurement is outlined in 
Appendix I, 

The phase-to-phase noise voltages are 
less than the phase-to-ground voltages. 
Further, for the de-energized line they 
decrease linearly with frequency and in- 
crease linearly with the line energized. 

The magnitude of the field intensity in 
the vicinity of transmission lines produced 
by carrier waves is included, for general 
interest, in Figure 17. A standard radio 
noise and field intensity instrument was 
used to obtain these results. As only a 
limited number of radiation measure- 
ments were taken, insufficient data are 
available to arrive at any definite over-all 
conclusions; however the shielding effect 
of the parallel power transmission lines 
and telephone circuits is to be noted. 
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Test set-up and 

methods of cou- 

pling used in field 
measurements 


Conclusions 


1. Far-end and near-end cross-cou- 
pling vary with frequency and method of 
coupling with the average cross-coupling 
loss generally increasing with frequency 
and separation of disturbed and disturb- 
ing circuits. Optimum use of coupling 
losses for carrier frequency co-ordination 
in a power network can be utilized only if 
measured values are available for con- 
sideration with noise and attenuation 
factors. 

2. Attenuation on phase-to-phase 
transmission is less than that for phase-to- 
ground and in either case increases with 
frequency and varies with circuit con- 
figuration. It is possible to calculate the 
average attenuation with frequency from 
equations 1 and 2 for engineering purposes 
and on transposed circuits, the attenua- 
tion is essentially the same irrespective of 
which phase wire(s) is (are) employed. 

3. The impedance of any circuit varies 
with line configuration and is higher for 
phase-to-phase than for phase-to-ground 
and at the higher frequencies tends to ap- 
proach a constant value. 

4, The amount of noise voltages pres- 
ent in the carrier frequency spectrum is 
directly proportional to the power circuit 
voltage and is more for phase-to-ground 
than for phase-to-phase. The noise will 
increase linearly with frequency for both 
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types of coupling on an energized line and 
decrease linearly when the power circuit 
is de-energized. 

5. In view of the transmission charac- 
teristics of high-voltage lines, carrier relay 
receiver selectivity characteristics and the 
intermittent but important nature of relay 
carriers, it appears advisable to allocate 
the frequency spectrum 50-100 ke for 
this type of service and the spectrum from 
100-200 ke for communication, telemeter- 
ing and load control purposes. 

It is practical to use common frequen- 
cies for maximum utilization of the al- 
located carrier frequency spectrum where 
interference is low because of. the geo- 
graphic separation of equipment or where 
interference is relatively high as in the 
case of adjacent circuits by the optimum 
selection of transmission and equipment 
characteristics. 


Appendix |. Attenuation, 
Cross-Coupling Loss and Noise 
Measurements 


Attenuation 


Attenuation measurements were made 
using the circuit in Figure 18(A). The 
transmission line circuit as shown in Figure 
18(B) or (C) is inserted for the unknown 
device in Figure 18(A). The test pro- 
cedure was as follows: 

The output level of the signal generator, 
operating at frequency f, was set to produce 
voltage V; across resistor R and the circuit 
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reactance tuned out with the tuning in- 
ductance. Resistor Rs was varied to give 
equal voltages across R; and the input 
terminals of the unknown device. The 
value of R; for this condition equals the in- 
put impedance of the device. Rz was ad- 
justed to give maximum output power. 

The attenuation expressed in decibels 
was calculated from the equation 


Rr 


V; 
decibel loss =20 logyo 7 + 10 logio R. 


Voltage measurements also were made 
using a selective vacuum tube voltmeter 
calibrated in decibels (reference level 1 
milliwatt—600 ohms). This equation then 
becomes: 


decibel loss = V3— N:+10 logio Rr/Rs 


where NV; and Nj are decibel readings corre- 
sponding to voltages V3; and Vs. The 
equipment employed for these measure- 
ments is shown in Figure 11. 


Cross-Coupling Loss 


These losses were determined in the same 
manner as for the circuit attenuation out- 
lined previously. The signal generator in 
this case was connected to the disturbing 
circuit, the far end of which was terminated 
in its nominal characteristic impedance. 
Measurements were made on adjacent lines 


(disturbed circuits) at the near-end and far- 
end, with each end terminated as above. 


Noise 


A selective vacuum tube voltmeter was 
connected to the input terminals of the 
circuit shown in Figure 18(B) and the 
phase-to-ground noise voltages measured. 
Similarly for Figure 18(C), the phase-to- 
phase noise voltages were obtained. A 
signal generator operating at a known fre- 
quency was employed as an aid to obtaining 
resonance with the tuning inductance or 
inductances. The voltmeter was then 
tuned to this frequency and noise voltages 
measured in decibels. The noise voltage 
present may be expressed as an equivalent 
sine wave voltage by calculation if desired 
from the equation 


: , Vy 

decibel reading =20 logio 0775 

Where Vy=equivalent sine wave noise 
voltage in volts. Figure 16 was plotted 
directly from measured values for con- 
venience. This method may be used for 
both energized and de-energized power lines. 
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Discussion 


T. S. Dutton (Shawinigan Water and Power 
Company, Montreal, Canada): It is diffi- 
cult to assess the practical value of the field 
tests on noise, the results of which are given 
in Figure 16. 

The noise figures obtained with the 
apparatus and method of measurement as 
described in the Appendix would appear to 
be open to question. 

In particular, no data is given regarding 
the bandwidth of the selective vacuum tube 
voltmeter over the frequency range covered, 
and it is not clear whether the noise decibel 
figures given relate to peak, quasi-peak, or 
some other degree of integration of the noise 
pulses. 

No indication is given as to whether the 
vacuum tube voltmeter or other external 
means terminated the line with a load equal 
to the characteristic impedance of the line 
minus the resistive component of the series 
resonant coupling circuit. Likewise, no 
mention is made of the termination condi- 
tions of the distant end of the line, where 
mismatch would introduce a reflection 
factor. 

With regard to the data given for the line 
energized condition, presumably wavetraps 
were not employed at each end of the line 
for each frequency in the range from 50 to 
200 kes at which measurements were taken. 
If this assumption is correct, then the 
figures given for the energized line condi- 
tion may tend to show the impedance/- 
frequency relationship of the power equip- 
ment to which the line is connected rather 
than the noise/frequency relationship of 
the line itself. If traps were not used, then 
the figures given have little numerical 
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significance, and even the finding that the 
noise increases with increasing frequency is 
suspect. Indeed this latter conclusion is 
contrary to the noise/frequency relationship 
that would be expected from a theoretical 
consideration of the probable relative am- 
plitudes of the frequency components in a 
noise pulse. 

In view of the considerable importance of 
accurate noise data as a means of co- 
ordinating and estimating transmitter power 
level requirements, and the scarcity of 
published field measurement data, an eluci- 
dation of the points raised would appear to 
serve a useful purpose. 


G. E. Burridge: The authors wish to point 
out that conclusion 4 is too general to cover 
the experimental data included in the paper. 
A correct interpretation of the results is as 
follows: 

“The amount of noise voltage present in 
the carrier frequency spectrum is greater for 
230 kv than for 115-kv circuits, and is more 
for phase-to-ground than for phase-to-phase 
reception. The experimental results in- 
cluded for a particular circuit show; (a) the 
noise level increased linearly with frequency 
when the line was energized and (b) the 
noise level decreased linearly when the line 
was not energized.” 

Further measurements have indicated 
that the variation of noise with frequency 
did not follow any trend. Circuits of simi- 
lar construction and voltage class have 
shown a decrease of noise with frequency in 
some cases and an increase in others with 
identical testing methods. 

Several points have been raised by Mr. 
Dutton requesting further data dealing with 
the noise decibel readings given in Figure 
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16. This figure shows results obtained on 
one circuit of a 96-mile twin circuit trans- 
mission line. Details of this line and 
neighboring single circuit lines are given in 
Figure 4. 

The noise readings were made with a 
selective vacuum-tube voltmeter having a 
bandwidth of 2 ke within the range 50-200 
ke. This instrument indicates the average 
value of the noise envelope. 

The field results were obtained without 
the use of terminations at each end of the 
line. This data approximates the noise 
voltages existing on the transmission circuit. 
Terminating the local end resulted in a de- 
creased value of measured noise, but did not 
modify the shape or slope of the noise level- 
frequency curve. The effect of the distant 
end termination has not been determined 
experimentally. It is considered, however, 
that the reflection effects would be negligible 
due to the electrical length of the line at 
these frequencies and the appreciable circuit 
attenuation. 

The noise results depicted in Figure 16 
have been included to indicate the general 
noise levels present on a representative 
power circuit. The figure is not intended to 
represent the net result of an extensive study 
on the subject in question. The results were 
obtained without the use of line traps, 
since such a condition was not realizeable 
during measurements. It is possible that 
the slope of the curve may indicate the 
impedance-frequency characteristics of the 
terminating power circuit under certain 
conditions of relative bus-line impedance 
magnitudes and noise voltage ratios. The 
noise levels are representative of what would 
be expected under operating conditions 
where traps are not used or where trap cir- 
cuit rejection is small. ’ 
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Protective Relaying on Industrial 


Power Systems 


CARL M. LATHROP 


ASSOCIATE AIEE 


HE trend of many industries such as 

the petroleum and chemical indus- 
tries is toward the installation of continu- 
ous processing equipment wherein the in- 
dividual units in the processing steps 
continuously receive and deliver raw ma- 
terials, unfinished products, or finished 
products. As each individual unit is part 
of the processing chain, an emergency 
utility outage such as a power failure at 
any unit has an effect on the operation of 
all other processing units. Such an out- 
age usually causes an upset in the opera- 
tions which results in a large portion of the 
-processing equipment having to be re- 
moved from service with the attendant 
dangers associated with such an opera- 
tion. 

Along with the above trend has come 
the trend toward complete electrification 
of the prime movers at the processing 
units. It is, therefore, becoming increas- 
ingly important that the electric power 
supply to a process unit be reliable and 
uninterrupted. Power supplies to process 
units in modern installations are, there- 
fore, usually of the dual-feed type wherein 
two full capacity supplies are provided at 
the battery limits. However, duplicate 
equipment alone is not sufficient for a re- 
liable power supply unless this equipment 
is properly co-ordinated by means of the 
power system relays. 

Relaying on a modern industrial plant 


Paper 51-248, recommended by the AIEE Indus- 
trial Power Systems Committee and approved by 
the AIEE Technical Program Committee for 
presentation at the AIEE Summer General Meet- 
ing, Toronto, Ont., Canada, June 25-29, 1951. 
Manuscript submitted March 5, 1951; made avail- 
able for printing May 9, 1951. 
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CHARLES E. SCHLECKSER 


NONMEMBER AIEE 


power system must be a compromise be- 
tween: 


1. Close protection of the electric equip- 
ment (motors, transformers or cable) where- 
in faulted circuits and equipment are dis- 
connected from the power system in the 
shortest possible time and overload protec- 
tion is paramount. 


2. Power system co-ordination wherein 
short circuits cause minimum power system 
outage. 


It has been the experience that this 
latter function of the relaying equipment 
is of greater importance than the first 
and that poor relay co-ordination may 
cause costlier results than problematical 
damage to electric equipment due to 
momentary overload. An example of 
poor relay co-ordination would be such 
that a short circuit on a motor feeder 
caused a main circuit breaker to trip in- 
stead of the motor feeder circuit breaker, 
with the resultant loss of the entire bus 
load. Loss of an entire bus at a major 
load for an extended time would cause the 
operation to be so upset as to require the 
unit to be removed from service. Many 
examples have) been found where the re- 
laying originally on the power system was 
co-ordinated, but that upon the addition 
of loads or generation to the system, the 
relaying was no longer co-ordinated. 
The system relaying cannot be held apart 
from the distribution system. It is de- 
termined by the distribution system and 
the loads. 

It is possible by carefully analyzing the 
required power system co-ordination and 
protection requirements to select relaying 
equipment that will render the best pos- 
sible results in satisfying the relaying 
problem. There are any number of dif- 


‘ferent types of relays to be had. These 


range from the simple induction disk time 
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overcurrent relay through differential, 
current balance, impedance distance, and 
all the others. It is believed, however, 
that many of these should be limited to 
the utility field in the interest of sim- 
plifying the design. Many industrial 
plants do not have the personnel for main- 
taining elaborate systems. Simple dis- 
tribution systems with time-current and 
machine differential relaying will, through 
its simplicity, contribute more to power 
continuity than will the less adequately 
maintained elaborate system. 

For any given arrangement of plant 
and load distribution it is possible to de- 
sign several different systems. How- 
ever, to demonstrate some principles, a 
system has been assumed that contains 
the usual machines. Some general rec- 
ommendations and guides are given to 
aid in the selection of relaying equipment 
for both new and existing systems. 
Desirable Protection For Electric 
Equipment and Machines 


First let us look at what is desirable 
from the point of view of the equipment 
and machines. If possible, it is desirable 
that electric equipment be protected 
against system overloads and short cir- 
cuits within certain limits, some of which 
are given here. 


Morors 


It is desirable that the overcurrent de- 
vice on motor feeders open the motor cir- 
cuit for line current values approaching 
115 per cent of full load motor amperes 
for totally enclosed motors and 125 per 
cent of full load motor amperes for open- 
type motors. 

Recent practice has been to obtain 
overload protection on large induction 
motors by means of thermal-type relays 
set to sound an alarm on occurrence of 
overloads. This is particularly attrac- 
tive where operators are available to re- 
move the overload cause. These are 
coupled with long time induction relays 
which are set to operate at approximately 
250 per cent of full load motor rating. 
These latter units are used to trip the 
motor feeder circuit breaker. The induc- 
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tion relay is usually timed so that at the 
_ starting current of the motor it will oper- 
| ate in approximately 125 per cent of the 
| time required for the motor to fully ac- 
| celerate. An instantaneous trip attach- 
ment on the induction relay is set to 
| operate at approximately 10 to 15 times 
| the full load motor amperes depending on 
| inrush curfent value. 

Large motors also are provided with 
| time-delay undervoltage relays which are 
set to trip at a given percentage of rated 
| voltage after an adjustable time delay. 


CABLES 


The National Electrical Code! permits 
| a maximum overcurrent device setting 
| of 150 per cent of the rated conductor 
current carrying capacity. From the 
cable life viewpoint it is desirable that a 
lower setting be used, but such as usually 
| found impossible on an industrial power 
| system where co-ordination is important. 


_ TRANSFORMERS 


The National Electrical Code permits a 
_maximum overload protection setting on 
a transformer of 250 per cent; this pro- 
tection being allowed either in the primary 
'or secondary of the transformer. It is 
thought that this value is too high and it 
is usually found that a lower value may be 

used without effecting relay co-ordination 
or limiting motor starting. 


GENERATORS AND POWERHOUSE BUSSES 


Generators and powerhouse busses are 
generally protected against short circuits 
through the use of differential relaying 
equipment. Generator and bus overload 
protection is usually obtained indirectly 
by the settings on the feeder overcurrent 
devices and the surveillance of the opera- 
tors. 

It has been found difficult to obtain 
satisfactory overload protection for a 
generator by the use of overcurrent relays 
and even those with voltage restraint are 

questioned. When installed, these relays 
usually become merely ‘‘backup”’ protec- 
tion for the differential relays. 


Relay Co-ordination 


_ By “co-ordination” it is meant that the 
settings applied to relays and trip de- 
yices that may be subjected to the same 
short circuit current are such as to cause 
the circuit clearing device nearest to the 
1ort circuit to open. 
igure 1 shows a portion of a modern 
rial power system wherein a proc- 
unit or area is supplied through two 
2,500-kva 13.2 to 2.4 kv transformers. 
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This substation is assumed to be of the 
conventional secondary selective type. A 
500-horsepower motor is shown connected 
to the 2.4-kv bus. Also two 500-kva 2,400 
to 480 volt transformers are shown con- 
nected to the 24-kv busses arranged in 
the conventional secondary selective 
typesystem. The 2,500-kva transformers 
are connected each to a different power- 
house machine bus. The generation is 
assumed to consist of four 5,000-kw 13.8- 
ky generators connected through a syn- 
chronizing bus arrangement. The syn- 
chronizing bus reactors for this assumed 
system have been sized to maintain 80 
per cent voltage on any given machine 
bus during a short circuit on an adjacent 
machine bus. 

Equivalent arrangements can result 
when the power requirement is purchased 
from a utility company. Each machine 
bus then represents the bus on which 
an incoming utility feeder terminates. 
Smaller scale installations may be visual- 
ized by starting at the 5,000-kva substa- 
tion level and letting the two 2,500-kva 
transformers represent the incoming 
power sources. 

The 2.4-kv busses are shown connected 
through a normally open bus tie circuit 
breaker. Control wiring connections at 
this bus are such that for loss of voltage 
on a 2.4-kyv bus section, the incoming 
circuit breaker to that bus section will 
open and the bus tie circuit breaker close. 
However, should the loss of voltage at a 
bus section be the result of a bus fault, 
lockout of the bus tie circuit breaker 
against closing is assumed to be by means 
of advance operation of the overcurrent 
relays on the incoming circuit breakers. 
The same arrangement is provided at the 
460-volt bus sections. 

It will be necessary to know system 
impedances and equipment ratings. The 
existence of such data is assumed and 
values used herein are typical. A relay 
setting study can best be visualized by 
plotting the time current characteristics 
of all of the protective elements of a sec- 
tion on the same curve sheet. All cur- 
rents are converted to a common base by 
conventional means. 

As a starting point vertical lines were 
placed on Figure 1 to represent the vari- 
ous maximum and minimum currents. 
See the numbered lines on the curve. 
The legend indicates the source. 

Relay and trip device time-current 
characteristics are plotted in Figure 1 and 
indicate power system co-ordination that 
usually is adequate. The problem of co- 
ordinating a system of this type is begun 


at the load feeders connected to a 460-. 


volt bus. For this particular demonstra- 
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tion it is assumed that the 75-horsepower 
motor is the largest load connected to the 
460-volt bus and this governs. 

Curve A on Figure 1 is a typical time- 
current curve of a device used for protec- 
tion of a 75-horsepower motor feeder. It 
is the lower half of the curve usually asso- 
ciated with combined thermal-mechanical 
trip devices of the 600-volt class. The 
characteristics of this type device are 
effected by ambient temperature and 
hence isshownasaband. As it is desira- 
ble that only circuit breaker A is opened 
on short circuit or overload in this circuit, 
it is necessary that the time-current char- 
acteristic of overcurrent relay B lie 
“above” A for all possible currents up to 
short circuit currents. Automatic trans- 
fer (automaticclosing of C upon power loss 
over B) at the 460-volt level is initiated by 
means of under-voltage relays. These 
undervoltage relays will close the bus tie 
circuit breaker C for any loss of voltage on 
either bus section. It is necessary, there- 
fore, that the undervoltage relay equiva- 
lent time-current characteristic lie above 
that of the overcurrent relay at B. This 
is so the overcurrent relay at B will pre- 
vent the closing of the bus tie circuit 
breaker when the loss of voltage is the re- 
sult of a bus fault. 

In order to plot the undervoltage relay 
characteristic on the same curve sheet 
with the current actuated relays it is 
necessary to determine the ‘‘percentage of 
bus voltage’’ scale. This is done by de- 
termining the short circuit current that 
would flow for a 2-phase fault occurring 
during minimum generation (here as- 
sumed to be an outage of one generator). 
This current value is then the zero point 
on the voltage scale. The remainder of 
the scale is based on proration, that is, 
90 per cent of the above current value is 
the 10 percent bus voltage point, et cetera. 
For a 3-phase bus fault during maximum 
system generation, a higher fault current 
would flow and the voltage scale would 
move to the right so that the character- 
istic of the relay at C will always be co- 
ordinated with the current relay B. 

At this point the first lumped imped- 
ance is encountered, the 2,400/480-volt 
transformer. Such impedances aid in re- 
ducing over-all tripping time by permit- 
ting the use of an instantaneous ele- 
ment. 

The relay at D must co-ordinate with 
the relay at B. This is necessary to insure 
circuit breaker B operation for a 460-volt 
bus fault. The current relay at D is 
shown equipped with an instantaneous 
trip set to clear a minimum primary 
short circuit but not a maximum second- 
ary short circuit. This is indicated by the 
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vertical segment of the curve. All values 
on curve D lay above B and the curves do 
not intersect. 

The relay F characteristic is shown to 
co-ordinate with relay D and relay E 
characteristics, that is, the curves do not 
intersect. This is necessary so that a load 
feeder fault will not trip the main in- 
coming circuit breaker to a 2.4-kv bus. 
Relays at G have been set to co-ordinate 
with relays at F for the same reason that 
C-was set to co-ordinate with B. Relay 
His shown to co-ordinate with F. 

It has been mentioned previously that 
the relays are “adjusted” to accomplish 
certain results. Let us say, for example, 
that curves B and D intersected. For 
low values of current the system would be 
co-ordinated but for values greater than 
those at the point of intersection the 
system would not be co-ordinated. Curve 
D can be moved unchanged to the right 
by changing current transformer ratios or 
more simply by changing the current taps 
on the relay. It may be moved vertically 
with some change in shape by adjusting 
the travel time of the induction disk 
which is done by varying the time lever 
or dial. 

The generator and bus differential relay 
settings are independent of the foregoing 
system co-ordination. The usual practice 
is to set these relays as fast as possible 
without causing tripping on through 
faults, that is, faults beyond their area of 
protection. 

Should it be desired to keep an induc- 
tion motor connected during a transfer 
operation at the 460-volt or 2,400-volt 
bus, the characteristic of the motor under- 
voltage relay would be set ‘‘above’’ the 
transfer characteristic C. It is usually not 
possible to keep all motors on a substation 
connected during a transfer operation be- 
cause the resulting inrush currents to the 
motors on the return of voltage would 
trip out the remaining incoming circuit 


breaker and result in a complete loss of 
power. It is, therefore, necessary to de- 
termine what motors are required to re- 
main connected during a transfer and then 
determine what inrush current would re- 
sult. Should the duration and magnitude 
of this current be such as to cause tripping 
of the remaining incoming circuit breaker, 
it would be necessary to reduce the num- 
ber of motors to stay connected or in- 
crease the time setting on the incoming 
circuit breaker relay. In order to make 
an accurate calculation and decision on 
this type of problem, considerable in- 
formation about motor and load charac- 
teristics is required. 

Generally, low transfer times are de- 
sirable. On the type of system con- 
sidered, the actual shape of the relay 
characteristic is important in reducing 
this transfer time. For example, relays at 
B, D, F, and H are shown having ‘‘very 
inverse’ characteristics. Should relay F 
have an ‘‘inverse”’ characteristic, as shown 
dotted in Figure 1, a much longer transfer 
time would have resulted at the 2.4-kv 
bus. 

It may be seen from Figure 1 that relay 
characteristics on feeders to large motors 
cause co-ordination difficulties. The 500- 
horsepower motor feeder relay / has an 
instantaneous trip setting of 15 times 
rated motor amperes. This setting has 
been necessary in many instances in order 
to start the motor, as the first cycle of 
current may reach this value, however, 
should the motor start satisfactorily with 
a lower setting the co-ordination and 
protection would be greatly improved. 
Should a motor have an inrush larger 
than the assumed 500-horsepower motor 
on the 2.4-ky bus, it would probably be 
necessary to use higher tap and time 
settings on relays at F, G, and H and 
thereby result in poorer protection for 
portions of the system these relays pro- 
tect. There are several common causes 


of either poor relay co-ordination’ or poc 
equipment protection. The use of fuse 
for motor protection present a problen 
The use of instantaneous trip devices o 
two successive relays or trip devices the 
do not have a lumped impedance inte: 
vening such as a transformer or reactc 
will not co-ordinate. For instance, rela 
F should not be equipped with an instar 
taneous trip attachment as there is n 
difference in the short circuit level fro1 
relay F to relays D and #. A short ci 
cuit on either relay D or E feeder woul 
have caused relay F to trip which is, « 
course, undesirable. However, relay J 
and relay Fare at locations having a def 
nite difference in short circuit level <« 
shown by currents (7) and (8). Cab 
impedance is usually not adequate to giv 
the necessary change in level because 
also is necessary to take into accout 
system generation changes and the a 
curacy of the instantaneous trip device. 

Trip devices on bus tie circuit breaker 
if co-ordinated properly, generally resu 
in poor system protection. 

Often the reason for power systen 
being unco-ordinated is that upon add 
tion of generating capacity or load to tl 
system, the co-ordination had not bee 
thoroughly checked and relay adjus 
ments were not made to bring the syste: 
back into co-ordination. When conten 
plating system additions, the co-ordin: 
tion problem should be thoroughly r 
viewed beforehand to determine the ty] 
of relaying equipment best suited fi 
keeping the system in co-ordination. 

As a matter of record, each syste 
should have a set of relay curves such | 
is shown in Figure 1. As system chang 
and additions occur, it is an easy matt 
to evaluate the effect of the change. 
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Discussion 


H. P, Dupuis (Commonwealth Services Inc., 
Jackson, Mich.): The operation of station 
power for generating stations closely resem- 
bles industrial applications using continuous 
processing in that they both use a wide 
variety of motors, and uninterrupted service 
is of paramount importance. 

A method of co-ordinating relay operation 
by use of selective curves as described by 
the authors, has been used very successfully 
by relay engineers of the Commonwealth 
Services Inc., on several industrial applica- 
tions and on numerous installations of sta- 
tion power. 

Since the relays to be co-ordinated usually 
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involve two or more voltages it has been 
found that the interpretation of the curves 
can be simplified by using a kilovolt-ampere 
base rather than a current base referred to a 
particular voltage. It has also been found 
that where a number of applications is to be 
considered, the work of co-ordinating can be 
speeded up by plotting the characteristics 
of the commonly used relays to the same 
scale of log-log paper as used for the selec- 
tivity curves. By using semitransparent 
paper or a shadow box, the relay curves can 
then be traced directly on the selectivity 
sheet. 

Satisfactory co-ordination between over- 
current relays and undervoltage relays is 
usually very difficult to obtain and where 
co-ordination is depended upon for proper 
transfer it would seem necessary to allow a 
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large margin of safety. From an inspecti 
of the typical curves of Figure 1, the oper: 
ing time of relay H with some fault resi 
ance may be in the order of 2 to 6 secon 
for faults on the 2,400 side of the trar 
former. With this time delay the dec: 
ment in generator reactance may cat 
slower operation of the relay resulting in 
delayed transfer that would cause a sut 
cient inrush of current to trip the pow 
source to the good bus. 

It would be of interest to know what o 
jections the authors have to the commor 
used scheme of having differential relays | 
the transformer banks.supplying power 
the various bus sections and using t 
differential relays to initiate transf 
Even on large industrial applications t 
distances are seldom too great to preclu 


AIEE TRaANSACTIOl 


the use of a simple differential scheme. 
‘This method results in a rather fast transfer 
and as shown in the paper by A. A. Johnson 
and H. A. Thompson,! it may result in 
higher inrush currents and greater stresses 
on the motor if the transfer is made when 
the motor residual voltage is out of phase 
with the new source voltage. 

In the discussion of the Johnson and 
Thompson: paper by J. A. Elzi and W. R. 
Brownlee it was pointed out that the high 
currents associated with the short-time 
transfer are confined to one-half cycle 
followed by normal current and that it is 
questionable whether this would produce 
undesirable stresses. 

Mr. Johnson and Mr. Thompson further 
state in the discussion that the impedances 
of most industrial motor circuits are usually 
high enough to reduce the inrush current to 
asafe value. If the motor circuits and the 
characteristics of motors indicated the need 
for a greater time delay on transfer it could 
be easily obtained with undervoltage relays 
or by using one of the many devices avail- 
able for that purpose. 
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Carl M. Lathrop and Charles E. Schleckser: 
To a person as obviously experienced in the 
art of protective relaying as is H. P. Dupuis, 
this paper should appear to be elementary. 
It is. It was intended for the novice in the 
field of protective relaying. Many of the 
mechanisms used by those skilled in the art 
were purposely omitted for reasons of 
brevity. However, it is interesting to note 
the comments. 

With regard to the use of the kilovolt- 
ampere base instead of the current scale re- 
ferred to a particular voltage, the comment 
is that the kilovolt-ampere base has been 
used successfully. 

In the final selection of tap and time 
dial setting, it is necessary to convert 
either kilovolt-ampere, or current re- 
ferred to a particular voltage to the actual 
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current, in which case it is of little conse- 
quence whether the original number is in 
kilovolt-amperes or in amperes. 

The use of “‘overlays’’ showing commonly 
used relay characteristic curves plotted to 
the same log-log scale is a very useful time- 
saver mechanism. In addition, those get- 
ting into this detail may be interested in 
preparing templets from transparent ma- 
terial such as thick sheets of celluloid or 
transparent plastic. These templets can 
be moved around readily when it becomes 
necessary to fit a particular characteristic 
in between two existing characteristic 
curves. 

On many occasions transformer differ- 
ential relays or pilot wire relaying systems 
have been used to initiate automatic bus 
transfer. This is particularly desirable 
when two transformers are operating from 
the same source with very small values of 
impedance intervening. Basically this type 
of operation becomes necessary whenever a 
fault near one of two associated busses 
causes practically the same voltage condi- 
tion on the other bus. 
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Industrial Plant Power Sources 
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ITH the limited amount of time and 

space available for this paper, no 
pretense will be made of treating the 
broad subject of industrial plant power 
sources in a comprehensive way. Rather, 
the intention is to take a quick look at all 
phases of the matter with the purpose of 
discovering, if possible, trends in one 
direction or another, examining the latest 
practices for technical advancement, and 
presenting pertinent economic data when 
available. Typical examples of the new- 
est in industrial power plants in several 
widely different industries will be briefly 
described, and novel features pointed out. 
For more detailed discussions, reference 
must be made to the rather voluminous 
list of sources given at the end of this 
paper. 

Pewer sources for industrial plants fall 
naturally into one of two general classes. 
They are: Public utilities and govern- 
mental agencies; and company-owned 
generating facilities. 

Industry is progressively generating a 
smaller part of its own demand. Accord- 
ing to one source, industry generated 40 
per cent of its power requirements in 
1939, only 33 per cent in 1948, and it was 
estimated that the figure will drop to 30 
per cent by 1955.1 A more recent figure 
quoted by another source and based on 
the census data of 1947 indicated that in- 
dustrial plants were then generating only 
17 per cent of their power requirements.? 
No matter which figures are more nearly 
correct, the trend toward purchased power 
seems evident. 

Whenever power is needed for an in- 
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dustrial plant, the use of purchased power 
must be considered ‘carefully. The 
factors that influence the choice of an in- 
dustrial plant power source are so many 
and varied that it would be impossible to 
discuss all of them in this paper. How- 
ever, it may be stated generally that 
wherever adequate amounts of purchased 
power are available at reasonable rates, 
purchased power will almost certainly be 
the most economical source unless there 
are special features of the industrial plant 
requirements. Some of these special 
features are listed below: 


1. Heat needed in processes. 
2. Heat available from processes. 


3. Very large power demands. 


The remainder of this paper will be de- 
voted to a discussion of the features listed 
above and to some of the most recent 
means employed to provide economical 
power supplies in specific plants. 


Plants Needing Heat in Processes 


Many types of industrial plants belong 
in this category, including chemical 
plants, paper mills, oil refineries, and some 
manufacturing plants. It can be said al- 
most axiomatically that where steam at 
relatively low temperature and pressure 
is needed in a process, as in many chem- 
ical plants, the power required can be 
generated at very low cost in topping 
units from steam produced at higher tem- 
perature and pressure than is needed for 
the process. Initial steam pressures 
utilized to date have gone as high as 1,250 
pounds per square inch gauge, and initial 
temperatures as high as 900 degrees 
Fahrenheit. For small plants steam 
engines have been widely used as topping 
units, while for larger plants steam tur- 
bines of all types can be found, ranging 
from straight noncondensing to multiple- 
extraction, condensing units. Depending 
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upon fuel and other costs, the actual out 
of-pocket cost of the power thus gen 
erated may be as low as two mils pet 
kilowatt-hour, or even less in the mos’ 
favorable cases. 

Perhaps the most outstanding example 
of a power plant of the type under con: 
sideration is the South Power House of the 
Dow Chemical Company at Midland 
Mich. In size and design this power plan’ 
compares favorably with the latest public 
utility plants. Two 400,000 pounds pet 
hour steam generators and one 30,000-ky 
turbogenerator form the initial unit whick 
was placed in full operation on June 21 
1950. Figure 1 gives a view of the power 
plant and coal handling facilities. Fron 
the operating point of view, the plant i: 
designed with nearly ideal lighting, ven 
tilating facilities, and convenience. The 
building proper is designed so that the 
boilers and turbogenerator are containec 
within one room, and the boilers, boile: 
control panels, boiler feedwater pumps 
and turbogenerator are arranged on the 
operating floor, so that a minimum of per- 
sonnel is required on each shift. Addi- 
tional space is provided in the building 
structure for two additional boilers and 
one additional turbogenerator unit. 

Aside from the size of the boilers and 
turbogenerator and the high operating 
steam pressure of 1,250 pounds per square 
inch, there are several novel features in- 
volved in the South Power Plant which 
deserve mention. One of these features 
is the use of cyclone furnaces in which 
crushed coal carried in a high velocity 
stream of preheated air is introduced on a 
tangent through cylindrical primary burn- 
ers at the furnace ends. Centrifugal 
forces in the spiralling mass throw out the 
coarser coal particles to a thin layer of 
molten slag coating the inside of the 
furnace, where they are rapidly burned by 
the scrubbing action of the high-velocity 
secondary air admitted tangentially along 
a part of the furnace length. Actual com- 
bustion of solid coal and combustible 
gases is said to be complete when the 
gases leave the cycloné furnace and enter 
the primary furnace in the boiler proper 

Another unusual feature is the use of 
completely pressurized furnaces, In. 
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Figure 1 (above). 


Midland, Mich. 
Figure 2 (right). 


South Power Station, Dow Chemical Company, 


Firing aisle showing cyclone burners, South Power 


Station, Dow Chemical Company 


duced draft fans are eliminated entirely 
and all air requirements are met by high- 
efficiency axial-flow variable-pitch blow- 
ers. Three such blowers are provided, 
each driven by an 800-horsepower d-c 
motor, with two in operation. Elaborate 
sealing arrangements are needed in the 
boiler to prevent gas leakage, including 
the installation of 60 pounds per square 
inch air jets which blow back the flames 
when small access doors are opened. 
Figure 2 shows the firing aisle at the 
front of the boilers and gives a good view 
of the completely water cooled cyclone 
burners. It is worth noting that because 
of the very thorough heat recovery, the 
expected over-all efficiency of the steam 
generators is better than 90 per cent.® 
Hydrogen cooling of the turbogen- 
erator shown in Figure 3 is certainly not 
-common industrial plants but becomes 
economically attractive in a machine of 
this size. Asa matter of fact, this 30,000- 
kw turbogenerator is the largest double- 
extraction unit ever built. In the fore- 
ground two boiler feed pumps can be 
seen, one being motor-driven and the 
other turbine-driven. Figure 4 gives a 
good view of the console control board 
and boiler control panels. Above the 
boiler board at the left can be seen a uni- 
scope television set which permits ob- 
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servation of hot slag drainage from the 
primary into the secondary furnace. The 
thought put into the design of the control 
boards is reflected in the compact arrange- 
ment and neat appearance. 

Looking at the simplified steam flow 
diagram in Figure 5, it will be seen that 
steam is bled from the turbine at 425 
and 165 pounds per square inch gauge 
pressure as required in the process, and 
exhausted at 25 pounds per square inch 
gauge pressure. Maximum flows at each 
pressure are indicated but, of course, 
these maximum flows cannot be taken 
simultaneously at all pressures. Ex- 
hausts from the turbine driven boiler 
feed pumps and forced draft blowers go 
to the 25 pounds per square inch pres- 
sure mains, the steam from which is used 
for boiler feed water and building heating, 
and for miscellaneous services. 

‘rom the foregoing brief description 
it is clear that one commonly used meas- 
ure of power plant investment, namely; 
cost per installed kilowatt, is not appli- 
sable to plants of this type. Ina base- 
loaded central station, the boiler capacity 
here installed could furnish steam to gen- 
erate approximately 90,000 kw as com- 
pared to the 380,000-kw turbogenerator 


actually installed. Computing the cost 
per kilowatt on the basis of the installed 
generating capacity in a plant such as the 
South Power Station would result in a 
figure that would be inordinately large 
and hence misleading. 

Means of providing heat for process 
other than by steam boilers and turbines 
are in use. One notable installation is 
that of a mercury boiler and turbine at 
the Pittsfield Works of the General Elec- 
tric Company.‘ In this case, additional 
power and a considerable amount of 
steam at 640 pounds per square inch 
gauge pressure were required. The use of 
a 7,500-kw mercury-unit power plant 
enabled the generation of 7,500 kw of 
power and 113,000 pounds per hour of 
steam of the desired temperature and 
pressure, and the required ratio of electric 
power to steam production was obtained. 
Nosteam turbine topping unit could have 
met these requirements. 

Figure 6 shows a heat-balance diagram 
at rated load for the Pittsfield installation. 
Note that the ratio of electric generation 
to steam produced is 66.5 kilowatt-hours 
per 1,000 pounds. Passing the steam 
flow from the mercury unit to existing 
extraction turbines results in a net over-all 
heat rate of 10,800 Btu per kilowatt- 
hours or a thermal efficiency of about 32 


Figure 3 (left). 30,000-kw turbogenerator and auxiliaries, South Power 
Station, Dow Chemical Company 


Figure 4 (below). 
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per cent, which is remarkable for a plant 
of this capacity. 

The gas turbine offers some interesting 
possibilities for generating power and 
furnishing heat requirements. Although 
no industrial applications appear to have 
been made to date, one central station 
installation might be mentioned as indica- 
tive of possible use in industry. At the 
Huey Station of the Oklahoma Gas and 
Electric Company, a simple cycle gas tur- 
bine in conjunction with a recuperator 
used for feed water heating from turbine 

exhaust gases, has been running very 
satisfactorily for more than a year.’ 
Operating in conjunction with the steam 
station, the gas turbine reduces the over- 
all heat rate, and increases the total capa- 
bility. An increase of 7,400 kw in total 
capability for station at maximum load 
was obtained at an installed cost of less 
than $100 per kilowatt. The incremental 
heat rate for the gas turbine unit is 12,000 
Btu’s per kilowatt-hours. 

At the present time it appears that gas 
turbines cannot compete with efficient 
steam or diesel generating plants because 
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of the high first cost of units with efficient 
heat cycles, as well as because of fuel 
limitations. Where low cost gas or oil is 
available, a simple cycle low cost gas tur- 
bine may have a place particularly if heat 
can be recovered from exhaust gases.® 

It is in order to mention here a proposal 
which has been made to apply gas turbine 
technique to steam power.’ Briefly, the 
idea is to use superheated and compressed 
steam as the gaseous medium in a gas 
turbine instead of the usual gases of com- 
bustion. A portion of the exhaust steam 
from this turbine is then available to do 
work in a conventional condensing turbine 
and, after being condensed is added to the 
remainder of the exhaust from the gas 
turbine to desuperheat the steam. The 
desuperheated steam is then compressed, 
superheated and sent back to the gas tur- 
bine. Using this cycle with 1,200 degree 
Fahrenheit entrance steam temperature, 
and appropriate regenerators and air pre- 
heaters, the author computes a net plant 
efficiency of 40.85 per cent. With 1,600 
degree Fahrenheit entrance temperature, 
the net plant efficiency is calculated at 
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48.2 percent. Such efficiencies seem to be 
theoretically possible but there are prac- 
tical difficulties involved in the operation 
of compressor, superheaters, and regen- 
erators at the temperatures and pressure 
needed which, if not insoluble, would cer- 
tainly make the cost of such installations 
enormous. Until some actual economic 
and operating data are available, this 
scheme cannot be of more than academic 
interest to industrial power plant engi- 
neers. 

A case which frequently arises, es- 
pecially in connection with chemical 
plants, is that in which an excess of power 
over and above the plant requirements 
can be generated economically by the 
steam needed for process. When such a 
condition occurs, an arrangement can 
often be worked out with the local public 
utility to sell the excess power to it at cost 
in return for a stand-by connection with- 
out the usual expensive charge. Both 
the industry and public utility can benefit 
by such an arrangement, not only from a 
cost standpoint, but also from the help 
that each may be able to give the other 
in emergencies. 

Another condition is that in which the 
public utility undertakes to furnish steam 
for process use as well as power. A good 
example of such service is that of the Gulf 
Utilities Company sales to the industrial 
area of Baton Rouge, La.§ In another 
instance, an industrial center in East 
Newark, N. J. supplies steam and power 
to 40 independent and diversified manu- 
facturing firms within a small area.® 


Plants Having Heat Avalleule 
from Process 


In order to simplify the classification, 
there have been included under the above 
heading all plants which may have heat 
available for power generation, whether 
in the form of waste heat directly from the 
process or in the form of by-product fuel. 
Many chemical plants, paper. mills, 
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sugar cane refineries, saw mills, and the 
like may have heat available in some form 
or another. However, the steel industry 
tops them all in this respect and the dis- 
cussion here will be confined to this in- 
dustry. 

A large and well-integrated steel plant 
will have waste heat and by-product fuel 
in the shape of blast furnace gas and coke 
oven breeze over and above the plant 
needs, and this fuel can be burned in 
boilers to produce a large amount of 
power. Coke oven gas and tar also may 
be available but it is usually more eco- 
nomical to burn this fuel elsewhere in the 
plant or sellit. Considerable low pressure 
steam is required for process and heating, 
and the demands for power are also very 


- large. Designing a suitable power house 


for such a plant will necessitate a thor- 
ough knowledge of all steam and power 
demands, as well as of the by-product 
fuel availability. 

Ordinarily, it will be found advisable to 
generate steam with the by-product fuel 
up to the maximum at all times. It will 
usually be desirable to generate this steam 
at some higher pressure than would be 
needed in the plant and supply the plant 
steam requirements through noncondens- 
ing turbogenerators, thus obtaining a por- 
tion of the plant power requirements at a 
very low heat rate. The balance of the 
high pressure steam can then be used to 
generate power in condensing turbo- 
generators. Generally the plant power 
requirements will be in excess of what can 
be supplied economically by the steam 
plant. In most cases, this excess power is 
best purchased from public utilities. ! 

A number of power plants have been 
built or are building for steel plants. Time 
will not permit detailed description of any 
one here but attention may be called to 
the trend to high temperature and pres- 
sures, as well as to the large size of some 
recent installations. For example, the 
Carnegie-Illinois Steel Corporation is just 
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Figure 7 (left). 
Engine room, Alu- 
minum Company of 
America, Point 
Comfort, Tex. 


Figure 8 (right). 
1,100-kw d-c gener- 
ator, Aluminum 


Company of Amer- 
ica, Point Comfort, 
Tex. 


completing an installation in a plant near 
Chicago which consists of a 650,000 
pounds per hour steam generator and a 
60,000-kw turbogenerator.!* The boiler 
burns blast furnace gas and the steam 
conditions are 1,025 pounds per square 
inch gauge pressure and 900 degrees 
Fahrenheit total temperature. Turbo- 
generator speed is 3,600 rpm and the tur- 
bine exhausts at 29 inches of vacuum with 
five bleed points for feed water heating. 
Hydrogen cooling is employed in the 
generator. 


Very Large Power Requirements 


Some industries are such large con- 
sumers of power that their demands are 
comparable to those of public utilities. 
These industries may elect to generate 
their own power requirements on the 
grounds that they can build the necessary 
power plants at as low costs and operate 
them as efficiently as the public utilities. 
If the needs of any industry dictate the 
location of its plants at points where 
large blocks of public utility power are 
not available except over long transmis- 
sion lines, the proposition becomes in- 
creasingly attractive, particularly if ex- 
treme reliability of service is of prime im- 
portance in the operation of the plants. 

The electrochemical industry is char- 
acterized by its disproportionately large 
use of power as compared to other types 
of industries. In this group, the alu- 
minum industry is one of the best ex- 
amples. Because of the large amounts of 
power needed to reduce the oxide of 
aluminum to metal, very low cost power 
is essential in order to produce the metal 
at reasonable cost. In the past, the de- 
mands were met by the construction of 
hydroelectric plants, at first by private 
enterprises, and more recently by govern- 
ment agencies. However, the unprec- 
edented demands for aluminum since 
World War II have resulted in power de- 
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mands beyond the capacity of existing 
hydroelectric systems to supply them. 

In an effort to supplement its power 
generating facilities and thereby increase 


its aluminum-producing ability, Alu- 
minum Company of America constructed 
and began operating last year a plant at 
Point Comfort, Tex., which embodies a 
number of novel features. Located on the 
Gulf of Mexico about 110 miles south- 
west of Houston, the Point Comfort plant 
has access to large quantities of natural 
gas at reasonable cost. To furnish the de- 
mands of the adjacent reduction works, 
120 gas engine generators of new design 
have been installed in the engine rooms. 
These units furnish direct current at 
suitable voltage to the pot lines, doing 
away with the need for the conversion 
equipment normally required when al- 
ternating current power supply is em- 
ployed. 

The engine generators are housed in 
three engine rooms each containing forty 
units arranged in two rows of 20 each. 
Figure 7 gives a good view of one engine 
room showing clearly the horizontal 
radial-type engines, each with its own 
automatic control panel nearby. Rated 
1,600 horsepower at 360 rpm, the engines 
are 2 cycle, 11 cylinder, and can be 
adapted with slight modification to gas, 
diesel fuel, or dual fuel operation. Ther- 
mal efficiencies are stated to be approxi- 
mately 30 per cent.!* Basically, the radial 
engine design is said to result in a simple, 
compact and sturdy arrangement, light 
weight, minimum foundations and small 
floor space. This engine with its welded 
base is a little over 12 feet wide, 9 feet 4 
inches high, weighs about 85,000 pounds 
and can be shipped by rail as an assembled 
unit.14 

Two noteworthy design features of this 
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radial gas engine will be mentioned. In 
most radial engines, master connecting 
rods are necessary to prevent rotation of 
the crank pin bearing. The same result is 
obtained in the new engine by an ingeni- 
ous arrangement of gears so that all con- 
necting rods are identical and are con- 
nected to a master gear which gyrates 
instead of rotating. A new ignition sys- 
tem was designed which is expected to 
operate for long periods of time without 
attention or maintenance, and also to in- 
sure a very low rate of spark plug elec- 
trode erosion. Ignition energy is supplied 
by a special impulse generator supplying 
accurately timed, unidirectional impulses. 
No cams, breaker points, brushes, col- 
lector rings, or rotor windings are in- 
volved in this generator. 

The d-c generators in the Point Com- 
fort installation are mounted beneath the 
engines and coupled directly to them. A 
net capacity of 1,150 kw is realized from 
each unit with engine auxiliaries motor 
driven from auxiliary a-c windings on the 
generators furnishing 425 volts at 24 
cycles. An excellent view of a generator 
showing its accessibility for maintenance 
is given in Figure 8. 

Space will not permit any more de- 
tailed description of this interesting power 
plant which is the largest of its kind in the 
world. Operating data on the new en- 
gines are not yet available, although it is 
known that they have been performing 
very satisfactorily to date. However, 
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from the information which has been 
published, it is clear that in this plant its 
designers expected to utilize low-cost 
fuel efficiently without incurring trans- 
mission or conversion losses, and to secure 
lower first costs as well as greatly reduced 
maintenance costs through the compact, 
simplified design of the engine-generators. 
The power for the reduction plant might, 
of course, have been secured in other ways 
as from a steam generating plant or by 
purchase. As more information becomes 
public, it will be instructive to compare 
the costs for this gas engine-generator 
plant against the conventional power 
sources. 

Other than the example given above, 
no outstanding applications of internal 
combustion engines for industrial power 
generation have been fond. While the 
diesel engine inherently has a good ther- 
mal efficiency, the high first cost of the 
units, the relatively high cost of diesel 
fuel, and the operating labor and main- 
tenance costs, together with the difficulty 
of obtaining any substantial heat re- 
covery from the exhaust gases, seem to 
make the diesel engine unattractive to 
industries except, perhaps, as a standby 
source of power. 
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Problems Confronting the Designer in 


Starting Large Motors 
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ITH the increase in use of electric 
power throughout industry and with 
large electric motors superseding the 
steam turbine in the large prime mover’s 
field comes the accent on starting large 
motors. This problem is no respecter of 
system capacity. The petroleum in- 
dustry, for example, finds itself in a 
period when product distribution and 
available crudes require the use of crack- 
ing processes. The fluid catalytic crack- 
ing process is popular in this field and 
among the major power consumers is the 
air blower and the gas compressor found 
in this type of unit. It is not unusual to 
find a 1,000-horsepower motor or larger 
ona system having a 4,000-kw demand. 
It follows that the larger the motor and 
the smaller the system capacity, the more 
difficult the starting problem. Even with 
specially designed motors, that is, de- 
signed to have especially low inrush cur- 
tents, the voltage drop may be appre- 
ciable. The effects of this sudden drop in 
voltage are not unknown. Among the 
effects that can be readily seen is the 
effect on lighting facilities supplied from 
the same system. Another effect is the 
increase in system current flowing to 
other motors on the system occasioned by 
the drop in voltage. Large voltage drops 
impair the ability of the motor being 
started to accelerate its load to full speed. 
There also are occasions where the power 
supply authority will allow only a certain 
maximum voltage fluctuation at the point 
of supply. 
_ Quite apart from these factors are the 
‘More intangible factors, such as damage 
to the distribution system occasioned by 
_ the transient overvoltages that may be 
created by the sudden change in voltage. 
Other loads on the same system may re- 
quire a relatively consistent voltage 
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supply and will not tolerate excessive 
voltage variation. 

When confronted with the problem of 
starting a motor, it is quite usual to de- 
termine first the allowable voltage drop 
under the particular circumstances. 
Many factors need to be evaluated in- 
cluding the number of starts expected in 
any period of time and the service. For 
example, the frequent starting of an air 
conditioning motor in an office building 
will require a voltage drop much less than 
that resulting from an equally large motor 
in the yard area of some industrial plant. 
Experience in many instances dictates 
this figure. 

It will be first determined if the ex- 
pected drop is within the system allow- 
able limit. Then it will be determined 
if this drop is acceptable to the motor and 
load starting requirements. For purposes 
of this discussion, it is assumed that it has 
been determined that a 15 per cent volt- 
age drop will be acceptable from the sys- 
tem or utility supply point of view if it is 
otherwise satisfactory. 

For the complete investigation several 
items of information will be required. 
The Wr? of the combined motor and its 
load is required. These data are usually 
available from motor manufacturers and 
the manufacturers of equipment. In this 
instance a centrifugal pump is assumed. 
Also required is data on the variation of 
motor line current with speed. The 
power factor values at various speeds will 
be required if high accuracy is desired. 
The torque versus speed curve for the 
motor at rated voltage will be required, 
as well as the torque speed curve for the 
load for the conditions under which it will 
be accelerated. 

To aid in visualizing the problem a 
typical example will be used. For the 
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particular example, these data are as fol- 
lows: 


Wr? (pump) = 163 pound feet squared 
Wr? (motor) =3,400 pound feet squared 
Wr? total =3,563 pound feet squared 
Motor —full load current =211 amperes 
Motor current and torque-speed (See Figure 
2) “ 
Pump torque-speed (See Figure 1) 
The initial voltage drop can be deter- 
mined from the equation 
100X, 
%Vaz= : V, 
X,+0.577— 
In 


in which X, is the system phase to neutral 
impedance in ohms to the motor ter- 
minal, J,, is the inrush current for the as- 
sumed constant V;. The system imped- 
ance can be obtained from several sources. 
If short-circuit current or the kilovolt- 
amperes of the system is known, the X, 
can be calculated. If this information is 
not available, it can be approximated by 
assuming maintained voltage on the 
primary of the supply transformer and 
using only transformer impedance. If 
the motor is to be added to an existing 
system, it can be determined by starting 
one of the existing motors reading the 
drop in voltage and the current. These 
values are substituted in the foregoing 
equation and X, determined. 

For the present example X, is taken at 
0.236 ohms on a 3,300-volt base, V; is 
3,000 volts while J, equals 1,310 am- 
peres. When substituted above, the 
equation yields 15.2 per cent. 

Having determined that the initial in- 
rush current will create a voltage drop of 
15.2 per cent and inasmuch as 15 per cent 
voltage drop had been assumed to be 
acceptable from the point of view of sys- 
tem requirements, the investigation can 
continue. However, had this voltage ex- 
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Figure 1 (left). 


MOTOR CHARACTERISTICS 


PUMP STARTING TORQUE REQUIREMENT ety 
5.0 rat 
Torque - speed & & 
characteristics of 5 lf 
“ oa 
load used in the g | 
w= 
4.0 typical example & F 
cw 
o = 
A a3 
4 FR 
i 3.0 6 15 
w 
Ca 
© 
7 
w 2.0 
=) 
of 410 
fo} 
e 
1.0 
Figure 2 (right). . 
PR esa ae Motor character- 
) 200 400 600 800 1000 istics used in the 


SPEED —R.PM. 


ceeded the allowable limit, there are 
several things that could have been done 
to reduce the voltage drop. For example, 
an inspection of the foregoing calculations 
indicates that the system impedance has 
an effect on this voltage drop. Decreasing 
system impedance would assist ma- 
terially in improving the voltage drop 
situation. The use of cable instead of 
open wire line construction may well be a 
factor in these determinations. It should 
be borne in mind that reducing system 
impedance will increase the interrupting 
duty. 

After having reduced the system im- 
pedance to the practical minimum, the 
problem can next be solved by reducing 
the voltage at the motor terminals at the 
time of starting through the use of re- 
duced voltage starters, or as is common in 


80 


40 


MOTOR HEATING LIMITS 


typical example 


, 


Europe, the reconnection of the motor 
from delta to star. 

The use of a reduced voltage starter 
increases the cost over and above the 
minimum investment for an across-the- 
line starter. There is, therefore, the 
economic consideration of using larger 
system or substation transformers which 
have the effect of reducing system im- 
pedance with the attendant larger cost. 
This increment of cost should be con- 
trasted with the incremental cost of re- 
duced voltage starters. In making this 
economic comparison, one also must con- 
sider installation labor cost and not just 
material cost alone. 


20 


SECONDS 
3 


! Iz 3 
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Figure 3. Maximum 

desirable and allow- 

able motor heating 
limits 


6 12 


Lathrop, Schleckser—Problems in Starting Large Motors 


er 


200 400 600 800 


SPEED -RPM 


Motors specially designed to have a low 
inrush current may have an application. 
However, this also is an economic prob- 
lem and should be so evaluated, keeping 
in mind that such motors have lower 
starting torque. 

There is a further limitation placed on 
reduced voltage starting in that the 
torque the motor will develop decreases 
as the square of the applied voltage. A 
motor being started with 75 per cent 
normal voltage applied to its terminals 
will develop only 56 per cent as much 
torque as it would have had at full voltage 
and this torque may not be sufficient to 
accelerate the machine to full speed. 

This later phase of the investigation 
will now be examined. Reference to 
Figure 2 will indicate the motor charac- 
teristics. It is to be noted that near half 
speed the motor torque is at one of its 
lowest values. For simplicity the load 
starting torque requirement has been 
added to this figure in the form of the 
dotted curve. The difference between the 
load torque requirement and the motor 
developed torque under the particular 
voltage condition is the torque available 
for acceleration. Should the motor torque 
curve intersect that of the load, the 
machine would fail to accelerate beyond 
the speed indicated by the point of inter- 
section. 

The fact that the motor torque curve 
always exceeds that of the load is not al- 
ways a complete guarantee of satisfactory 
operation. Should, for example, the load 
requirement very nearly equal the value 
developed by the motor, the difference 
available for acceleration would be so 
small as to result in a long acceleration 
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time. The high inrush current during 
starting can then be detrimental to the 
motor. 

The determination of accelerating time 
is probably the most time-consuming part 
of the investigation. The method is 
probably best explained by actually fol- 
lowing the procedure for the assumed ex- 
ample. The data in the first two columns 
of Table I is taken directly from the 
“motor characteristic curves’ Figure 2. 
Convenient 100-rpm steps have been 
used. More accuracy would be had if the 
steps were more numerous and the incre- 
ments less than 100 rpm; however, it is 
believed that in most cases the data could 
not support the presumed accuracy. 

The motor impedance Z,, is first ob- 
tained by: 


Vi 
Zm=0.577 Ye 
where V; is the nameplate voltage of the 
motor and J,, the full voltage current at 
the various speed steps. Actually, the 
motor current is somewhat less than 
tabulated due to the system voltage drop. 


This corrected current is obtained, and - 


tabulated, by: 


Mente 7 
Z, is the system impedance and E the 
system voltage on which it was deter- 
mined. In the example, V,=3,000 and 
£=3,300 volts. Z, and Z, should theo- 
tetically be added vectorially, however, 
over 80 per cent of the range of speed the 
motor power factor varies from 25 to 40 
per cent. Normally system impedances 
are taken as entirely reactive, 0 per cent 
power factor, whereas actually resistance 
is present to the extent that system im- 
pedances and motor starting impedances 
are nearly in phase. For the present pur- 
poses they are added arithmetically. 
The motor terminal voltage is then 


which is translated to per cent, bearing in 

mind that V is a phase to neutral value. 
The per cent of full voltage torque 

(% FVT) follows from the voltage thusly : 


V \2 
% FVT =| — } 100 
Vi 
All of the values are a function of speed; 


therefore, the appropriate full voltage 
torque is read from Figure 2 and when 


- multiplied by the corresponding % FVT 
results in the available reduced voltage 
_ torque. 


For example, the zero speed motor 


voltage is 92.8 per cent, the % FVT is 
then 86.1 per cent. From the torque 
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Table | 


Motor 
Full Motor Per Cent 
Voltage Current Motor Motor Delta 

Rpm Current* Zm Zmt+Ze In** Voltage + Voltage %FVT RVT Torque Seconds 

ONeill oO weed ae 005, . nelle eoOr tra. UW GLO) are Gee Sentra SO Ler: 4146 
6,820....0.170 

1000.00; 250..50.2.89%..1 (68% TO ax BOLE fc. 94.0.... 88.4... 6,545 
6,070....0.190 

2005 e200. . 244.01 BSN. 1, ASO. 2 1,627..... 94.0.... 88.4... 5,845 
5,260....0.220 

SOG 0s. 0d: 140. 298 82. SIS 76E.%,. 2 080.8 Fs t ,G42...2.. 946000, 89.5... 6,306 
4,537....0.255 

40082060 /080...c58e60). 1 S40th 2,035. 2.6: ViGSG. cca s. OO20s one 156; 2.45942 
3,820....0.303 

S00. dgO2a awa 09n yh 9aeae O8Vim are 16685... 96.4.5. 9209. 4,650 
3,275....0.354 

GOO nsec, 96D... ETI eOin.: 9405p. 65 13682...... 97-0:.... 94a... 4,800 
2,280....0.50k 

ZO0= se 00h: MIO ee 22162. 28 2 1SS80.. ee T7007... % 9850. 42.9608. 2 6,760 
4,273....0.278 

BOOsma hy (GoOmea ed eaia Ol ana S2O a.m TL VOS. ce en OSD. OO... 8,135 
7,012... 0.165. 

900 bere (750). dls ©, cegeOD ueoinee ede eetes Lstevumt ss, 99.5... 99.0.....12,840 
5,533....0.209 

O00 ROOK. 6 8-OB cB Oe ek Daas 1 SO2 OTe On. cde Onn. 6.876 


Total Seconds 


2.65 


*At 3,000 volts. 
**At 3,300 volts. 
}Phase to neutral values. 


speed curve at zero speed is read 8,300 
pound feet torque which when corrected 
by the 86.1 per cent factor becomes the 
tabulated 7,146 pound feet value. 

The incremental acceleration time is 
obtained from 


Ap = 3:25(10)=*Wr4( No Mi) 


AT 
which is derived as follows: conven- 
tionally 
1. f=ma 

w 
a 
g 
Vo— V; 
2. a=— : 
At 
V.— V; 
a sacs 2 1 
g At 


and V=2mrWN generally which when sub- 
stituted specifically in (3) becomes 


anlar (Ma M1) 


60 At | 


With the force f being applied at the 
radius of gyration 7, torque T being equal 
to fr; solving for At gives the required 
equation. 

Incremental times are calculated for 
each increment of speed. The torque 
value in the equation is the average dif- 
ference between the motor torque and the 
load requirement. 

Applying this torque’ to the torque 
time equation results in a value of 0.170 
second required to accelerate from 0 to 
100 rpm. Similarly the other values are 
determined, entered in Table I and the 
total 2.65 seconds derived. The accelera- 
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tion time of 2.65 seconds is not particu- 
larly long considering the size of the motor 
and the smallness of the system for the 
chosen example. However, it-is known 
that rapid and successive starting of 
squirrel-cage induction motors, wherein 
large quantities of heat are suddenly 
liberated in the rotors, create undesirable 
situations. For example, the brazing ma- 
terial between the rotor bars and the ring 
construction is melted and thrown out of 
the machine by centrifugal force. This 
heat can in time be transmitted to stator 
windings with their more delicate in- 
sulating materials. 

A set of limiting conditions is indicated 
by Figure 3. The data may vary between 
manufacturers and models of the same 
manufacturer, but, in general, the limits 
shown are probably not too unrealistic. 
Figure 3 shows a plot of allowable and de- 
sirable starting times in seconds as a func- 
tion of current. In the chosen example, 
it is to be noted from the figure that the 
maximum desirable inrush current is 
about seven times normal. Had the 
conditions of the problem indicated that 
the motor was experiencing an inrush 
current of more than seven times normal, 
it then would have been in the region of 
the maximum allowable time. A calcu- 
lated acceleration time and inrush current 
inconsistent with the maximum desirable 
and maximum allowable curves should 
seldom be tolerated. 
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~ High-Voltage Motor Controllers 
Co-ordinated with Distribution 
Switchgear 


T. B. MONTGOMERY 


FELLOW AIEE 


N DESIGN of distribution systems, 

protection from short circuits is pro- 
vided by circuit breakers and relays. The 
prime requirement being the opening of 
the circuit with safety, the reclosing is of 
little concern, normally, beyond a few 
closed-open-closed cycles on automatic re- 
closing systems. 

In applying motor controllers in a dis- 
tribution system frequent closing and 
opening is normally required. In addi- 
tion the controllers must either inter- 
rupt short circuit currents or withstand 
them thermally and mechanically until 
interruption takes place elsewhere. 

The objective is to: 


1. Review the problems in applying circuit 
breakers and motor controllers to distribu- 
tion systems. 


2. Recite in chronological sequence typical 
steps that have been taken to meet short 
circuit protection in high-voltage a-c motor 
controllers. 


8. Describe a controller arranged to per- 
form the duty of control and co-ordinate its 
functioning with distribution switchgear by 
passing the interrupting duty on to the 
latter above the controller’s interrupting 
rating. : 


When the electrical engineer lays out a 
plant distribution system his concern 
principally is with: 
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T. H. BKOODWORTH 


MEMBER AIEE 


1. Physical location—the arrangement of 
bus and cable runs to be nearest driven 
machines, and future ones, with least ma- 
terial and cost. 


2. Voltage levels. 

3. Voltage regulation. 
4. Power factor. 
5 


Circuit protection. 


Equipment for the protection and 
switching of his system is designed by 
switchgear engineers who deal with circuit 
breakers and relays which have evolved 
over many years for this specific purpose. 
Switchgear engineers are accustomed to 
thinking in terms of system short-circuit 
capacity but not in terms of motor char- 
acteristics and the control of the motor. 

Equally well recognized is the fact that 
equipment to control motors, machines 
and processes is designed by control engi- 
neers and they are concerned with such 
items as: Initial starting current; start- 
ing; reversing; protection; speed con- 
trol; stopping; braking. 

The control engineer is not accustomed 
to thinking in terms of system short-cir- 
cuit capacity. He has enough problems 
of his own and does not want to have to 
calculate short-circuit currents to prop- 
erly apply his equipment. His stand- 
ardization and cost would be affected if 
modifications were necessary to fit dif- 
ferent system short-circuit values. Most 
of the manufacturers of control equip- 
ment do not make fault interrupting de- 
vices, 

Yet high-voltage circuit breakers have 
been applied, for many years, in some 
types of motor controllers. Few, how- 
ever, are being used today, the ones used 
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ve 


being principally on very large motors, 
that start and stop infrequently. 

Circuit breakers for controlling large 
motors are, for convenience, usually 
grouped in the same line with other plant 
switchgear units. Also, protection similar 
to that furnished generators is required, 
normally including differential protection, 
phase failure and reversal and over-tem- 
perature indication and alarm. 


The Circuit Breaker—the Way It Is 
Rated 


Table I shows the American Standard 
schedule of preferred ratings of power cir- 
cuit breakers. 

The function of a circuit breaker is to 
interrupt the flow of power in a circuit. 

This may be at light currents such as 
line charging or transformer magnetizing 
currents, rated load currents or at maxi- 
mum short circuit currents. Normally, 
the circuit breaker remains closed at all 
times. In applying it as a power switch 
in motor control the repeated opening and 
closing it will stand, must be considered. 

For application of distribution circuit 
breakers, such as (1) in Figure 1 in select- 
ing from Table I the following factors are 
to be met: 


1. Continuous current rating. 
2. Rated voltage. 


8. Short time current rating such as: 
momentary; and 4 second. 
4. Tripping time. 


5. Interrupting capacity.! 


The values of continuous current rating 
given in Table I are for 60 cycles. Most 
manufacturers have established the same 
current values for 25 cycles and inter- 
mediate frequencies but circuit breakers 
are de-rated for frequencies higher than 60 
cycles. 

The distribution system short circuit 
current determination is based upon the 
direct axis rated voltage subtransient 
reactance of the connected synchronous 
generators and the direct axis rated 
voltage transient reactance for connected 
synchronous motors. The symmetrical _ 
rms short circuit current, is multiplied by 
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Table I. 


American Standard Schedules of Preferred Ratings of Power Circuit Breakers (ASA C37.6, 1949) 


Voltage Ratings 


Min. Withstand Test Continuous Rating Amperes 
Max. Rated Low Impulse Con- Short Time 
Rated Design KV for Freq. Test tinuous 4 
Ky Ky Int. Mva Rms Kv Ky 60 Cycles Momentary Second 


Insulation Level 


Interrupting Ratings 


3-Phase Amperes 
Rated at Rated Max. Time, 
Mva Voltage Amperes Cycles 


Indoor Oil Power Circuit Breakers 


a constant depending upon circuit breaker 
tripping time, to give the asymmetrical 
short circuit current to be interrupted.! 
The constant for a circuit breaker with an 
8-cycle tripping time (standard for dis- 
tribution circuit breakers) is unity, in- 
dicating that the d-c component of the 
short-circuit current will have decayed 
completely by the time the protective 
relays operate and the circuit breaker 
trips. 

This method has served quite well in 
practice in making circuit breaker ap- 
plications. It gives an approximation re- 
- sulting from simplifying assumptions. 
Arc impedance and impedances of feeder 
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lines, busses, and cables are neglected 
which tend to give conservative values. 
On the other hand, all induction genera- 
tors and motors are neglected. As has 
been pointed out, in cases of large propor- 
tions of load in induction motors or gen- 
erators, on phase-to-phase short cir- 
cuits, a little less than one-half locked 
rotor current will be maintained on sus- 
tained short circuit. Also the growing use 
of static capacitors for power factor cor- 
rection, particularly in metropolitan areas 
with resulting increase in excitation 
energy provides substantial contribution 
to 3-phase short circuits. These factors 
need to be taken into account. 


DISTRIBUTION 
CIRCUIT O o © o © 
BREAKERS Ss | A li 
TO OTHER | TO OTHER TO OTHER || TO OTHER TO OTHER 
STARTERS | STARTERS STARTERS || STARTERS STARTERS 
‘ia aaa Sor oo Se] 7 =I 
riery le thie roe ppt 
| id fis | 
| | | | ial | | 
mapa | bia ! iF | = | ! | 
OIL OR AIR | en a ' 
CONTACTOR Cpe eee ean.) ye ee 
CIRCUIT OIL OR AIR OIL OR AIR AIR 
BREAKER CONTACTOR | CONTACTOR CONTACTOR 
(3) 
2a 2b 2c 2d 2e 
Figure 1. High-voltage controllers for a-c motors 
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The collection of statistical data which 
will show cost and risks involved in oper- 
ating systems with short circuit currents 
above circuit breaker ratings, will be of 
great help to the engineer in industry. 


The Motor Line Contactor—the 
Way It Is Rated 


A definition which has been proposed 
for a controller is ‘‘apparatus for modulat- 
ing the flow of power in a circuit.” 

In processes, for example, where con- 
trolling heating is involved the modulat- 
ing may consist in connecting and dis- 
connecting the power as is also the case in 
starting and stopping a motor where time 
is normally an element. This involves re- 
peated opening and closing of the power 
handling contactor. 

Unlike Table I for circuit breakers, in 
Table II the rated current for contactors 
is given on an 8-hour continuous basis. 
The reason for this difference in current 
rating is based on the difference in duty 
cycles in application and consequent dif- 
ference in contact structures. The circuit 
breaker generally has a silver contact for 
current carrying and a separate copper or 
tungsten alloy contact for current inter- 
ruption. This construction is illustrated 
in Figure 2. The contactor, using the 
same tip for current carrying and inter- 
rupting must utilize a material suitable 
for both functions. This construction is 
illustrated in Figure 3. Forged copper 
tips are satisfactory for an interruption 
(silver exhibits too great a tendency to 
welding) and excellent current carrying 
ability when contact surfaces are clean. 
Copper contacts held closed at full rated 
current for long periods may result in 
build-up of oxides on the current carrying 
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Table Il. Standard High Voltage Air Break Contactors for Heavy-Duty Motor Starting 200 


KVA 


Amperes and 400 Amperes, 5,000 Volts, 25-60 Cycles 


Continuous Interrupting Maximum Horsepower 
Number Ampere Capcity at 2,000-2,500 Volts 4,000-5,000 Volts 
of Rating 8-Hr. 2,500 5,000 Synchronous Synchronous p 
Poles Basis Volts Volts 1.0P.F. 0.8P.F. Induction 1.0P.F. 0.8 P.F. Induction 
Giomenrn ree 200 PEs OO0m eto COUN ae QUO Munim OUT TOO seen LOO Ons 
Matava ny aTeiets HOO... 0. 626, 000% 85,000) cdg OO L000. LOCO sae eit) OO Onn ) 
CORE CMCIA el eLeie AOO*R cccn ck 50,000, RO Uneco es VGOOK. sce /OO0i, nena. 2,500 


All ratings designed for following tests: 
through current with fuses, 


.60,000. ..1, 750... 


60-kv impulse; 


19-kv dielectric; 85,000-rms ampere momentary 


* 50,000-kva contactor has a through current rating of 25,000 amperes for 380 cycles (0.5 second)—for use on 


motor, 


surfaces resulting in overheating. Opera- 
tion every eight hours or less will break 
the oxide and insure a clean contact sur- 
face. In most cases operations are num- 
bered per hour or minute. 

The kilovolt ampere interrupting capac- 
ity is given only at rated voltage, Thus 
the 400-ampere contactor in Table II 
with an interrupting capacity of 50,000 
kva will interrupt approximately 12,000 
amperes at 2,500 volts and one-half this 
current value at 5,000 volts. 

The method of calculating distribution 
system short-circuit kilovolt amperes in 
applying these contactors is unlike that 
used for circuit breakers in that it is based 
on symmetrical rms short-circuit cur- 
rent.25 This is due to two conditions: 
the advent of the high-voltage power fuse, 
about which more will be said later; and 
the fact that most controllers are equipped 
with thermal overload relays. Thermal 
relays require more time to trip than cir- 
cuit breakers through which power is 
fed. 

This method is suitable for controllers 
using fuses that effectively limit the 
short-circuit current well below the peak 
of the first-quarter cycle. For controllers 
using fuses which pass a substantial part 
of the first-quarter cycle and for those 
passing the interrupting duty to circuit 
breakers elsewhere in the circuit, the d-c 
component of an unsymmetrical short- 
circuit current cannot be safely over- 
looked. Damage to contacts caused by 
through currents is greatest during the 
‘ first-quarter cycle on through current 
faults, 

The voltage rating is on the same basis 
as the motor, or similar apparatus which 
it controls. The contactor will with- 
stand 10 per cent over its voltage rating 
and will remain closed down to 85 per cent 
normal voltage, being magnetically held 
closed and not latched in as is the case 
with the circuit breaker. 

These contactors also have a maximum 
horsepower rating for synchronous and 
induction motors at rated voltage levels. 
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This is based both on the 8-hour con- 
tinuous current rating and the motor ini- 
tial starting current which is the value of 
current when connected to the line with 
the rotor stationary. This value is deter- 
mined, of course, solely by the impedance 
of the motor windings since no counter 
electromotive force is present without 
rotation. Other ratings include 60-kv 
impulse similar to the equivalent rated 
circuit breaker and 19-kv dielectric test. 

While ratings have not been assigned, 
and probably none are necessary, Figure 4 
shows closing time of 4.1 cycles with a 
220-volt 60-cycle operating coil and 
Figure 5 an opening time of 4.1 cycles to 
the fully open position for the 200 and 
400-ampere contactors. Contact separa- 
tion occurs 1.4 cycles after the operating 
coil is deenergized. 

These are important in many applica- 
tions, particularly reversing dynamic 
braking and reversing plugging motor 
controllers, Since circuit breaker closing 
times are 15 to 80 cycles generally, and in 
such controllers motor stopping times are 
fixed at a minimum by law, operating 
times make the use of circuit breakers 
impractical. 


Figure 2 (below). Circuit breaker current 
carrying and interrupting contacts 


Figure 3 (right). Contact tips of oil immersed 


contactor, showing arc interrupting and cur- 
rent carrying areas 


ARCING 
CONTACTS 
MAIN 
CONTACTS 
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In this connection, Figure 6 shows in-. 
terrupting time at various values of cur- 
rent. It is interesting to note that, for 
example, in a reversing dynamic braking 
control with suitable mechanical inter- 
locks to prevent two contactors being 
closed at once, from operating times in 
Figures 4 and 5, it is practical to have the 
dynamic braking contacts touch before 
the line contactor arc is extinguished, if: 
only motor light running current (no 
load) is opened. This is of no concern 
since, with the momentary connection of 
the braking resistor to the line, current 
from the line is increased and from the 
curve of Figure 6 with such increase the 
interrupting time is lessened and the arc is 
quickly extinguished. 

In connection with the curves of Figure 
6, giving arcing time at light currents on 
the high-voltage contactors listed in 
Table II, there is an interesting com- 
parison between operations in testing, in 
accordance with National Electrical Man- 
ufacturers’ Association (NEMA) Stand- 
ards, and actual conditions in service. 

The curves show arcing time as meas- 
ured in the short-circuit test laboratory 
with 15 per cent factor. Point A in 
Figure 6 shows time for interrupting the 
light running current of 12 amperes on a 
150 horsepower, 2,300 volt, 3-phase, 60- 
cycle induction motor under service con- 
ditions. The time is less than 1/4 cycle. 
Points B and C show the opening of the 
circuit to a 300-horsepower 2,300-volt 3- 
phase 60-cycle synchronous motor with 
light running currents of 19.5 amperes 
and 27.4 amperes respectively. The 
arcing time likewise is less than 1/4 
cycle. This indicates that the margin in 
severity of the test conditions over con- 
ditions in normal service result in con- 
servative rating. 


MOVING 
CONTACT 


CONTACTS MEETING 


CURRENT CARRYING 
POINT 


CONTACTS SEALED 


4 
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trollers where single break contacts are 
used on 250 volts, double break is used on 
600 volts, employing the equivalent of 
two contactors. 

Thirdly, the vast majority of control 
lers are 100 horsepower or less. The 
economics are such that the expense of re 
placing a single unit is not serious. How 
ever, the increase in short-circuit currents 
in distribution systems and the cost of 


/ 
SH Sent 


outages in industrial processes is altering 
the importance of the problem. Until 
Co:/, energized , recently, on motors with voltages of 
\ 2,000-2,500 volts and 4,000-5,000 volts, 
representing the larger horsepower rating, 
oil contactors were used following the 
ae a 2 former trend in circuit breakers, The 
Wack ”| trend to increased use of the air contactor 
will be discussed later in the paper, 

Let us leave for a time the interrupting 
duty on short circuits and consider only 
the requirements of starting and stopping 
the motor, ‘The initial starting currents 


of induction and synchronous motors of 


250 to 3,000 horsepower at speeds 300 to 
A ; 7 3,600 rpm are shown in Table III. 
Figure 4. Closing time of 200-ampere 5,000-volt air break contactor ‘ I es 
As indicated, the maximum starting 
current when the motor is connected to 


the full line voltage at standstill is 625 


Still other 1atings are 35,000 rms am- will in general, interrupt considerably per cent. The way controllers have been 
peres momentary through current ratings more than ten times this value on short rated, and still are, for such motors is that 
for use with power fuses for all sizes in circuit. This does not hold for a 3,000 line contactors shall handle ten times 
Table II, and 25,000 amperes through ampere contactor. In the larger ratings, locked rotor current, thus allowing ample 
current rating for 30 cycles (0.5 second) special blowout means and the like must margin for any condition of operation. 
for the 400 ampere size having 50,000-kva be resorted to. The voltage level greatly | Such controllers are classified in NEMA 
interrupting capacity. The description affects the interrupting ability of a given Standards as class A controllers.’ 
of, and reasons for, these ratings is the design of apparatus. Often on d-c con Figure 7 shows such a controller, push 


principal object of this paper. Steps in 
development which, over a period of 
years, have led to these ratings may be of 
interest and aid in evaluating them. 


Control Evolution Travel Storts 


Figure 1 shows diagrammatically vari- 
ous methods of across-the-line starting of 
motors on a distribution system giving 
the order of these steps in development. 

Consider the motor (3) at 2a in Figure 1 
for which a controller (2) is to be selected. Al eye Lontocts fully 
On motors 550 volts and below, for many \ i /\ a /\ Cue apeA 
years contactors immersed in air as the \ fox | ; | 
insulating medium into which the arc is | 


| 


projected when the circuit is opened, have 
been used except in a few special cases. 
The practice has been successful because 
of three factors. At low voltages the im- 
pedances of the arc, cables, and busses is 
high enough in per cent to limit short 

circuit currents to values which seldom do 
substantial damage. Secondly, the ratio 
of interrupting ability to continuous cur- 
rent carrying capacity in contactors is not 
constant. A contactor for example, with 
8-hour current rating of 100 amperes Forward contactor operation, 220 volts a-c, contact springs 14-117-500 mk 020 


Figure 5. Opening time of 200-ampere 5,000-volt air break contactor 
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button operated, for auto transformer re- 
duced voltage starting. A 3/5-pole oil 
immersed contactor is in the center and 
the auto transformer is at the bottom. 
This contactor is capable of handling any 
currents encountered in starting and 
stopping but is not intended to handle 
short circuits, The thermal overload has 
enough delay to cause another device 
such as circuit breaker 1 in 2a of Figure 1, 
to trip first in such cases. But since the 
controller is not tested for short circuit 
through currents there is no assurance it 
will withstand them thermally and me- 
chanically while circuit breaker (1) is trip- 
ping. The connection for another and 


Table Ill. Initial Starting (Locked Rotor) 


Currents, A-C Motors 


Large Squirrel Cage Induction Motors; 250/3,000 


‘Horsepower 440/2,300 Volts 


Synch. Initial Starting 
Speed, Current, Per Cent 
Poles Rpm Full Load 
B Avanidicdsict 3: OOO. Wicrsairus elena weave 575 
A ihalinaete 1 BOO en ence OOO 
Greta terete D BOO ere aceite «cts 590 
Si Atometmorene GON ce Ovron ered as 590 
10 720.. 575 
ie Dee eens ota BOO cca <ccate mre 575 
Me reomtyes O14 kts cis hence ree 550 
Gin chicnnta acs ADO cites nant eS 540 
LS aweurtenaes MOOR catieis wns, ca teeeerers 525 
20/248 can SGO/BU0 meee as. ces 500 
Synchronous Motors 
Initial Starting Current 
1.0 Power Factor 0.8 Per Cent 
Up to Up to Above 
500 Hp, Above, 500 Hp, 500 Hp, 
Per Per Per Per 
Poles Cent Cent Cent Cent 
4) Aire LY G26 Siracas B00 cae 575 
G@ Staeee (0 eee OOO Mae SOOO... vee 500 
SLE wnaeOtoe«.. OOO O00. oaam 450 
26/28: . ceo 800. citeteirtsisie su: 275 
30 and 
above..;  cemee ss 275 . ee casera «250 
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Figure 6 (left). Inter- 
rupting time of 200- 
ampere 5,000-volt air 
break contactor for small 
currents 


Figure 7 (right). Class 
A. autotransformer re- 
duced voltage controller 
having oil-immersed 
contactor. Left: 
Front view, door closed. 
Right: Rear view show- 
ing contactor and auto- 
transformer 


parallel type control for this same motor 
is shown at 2b in Figure 1. 

A circuit breaker is used for opening 
and closing the motor power circuit in 
place of the oil contactors of Figure 7. 
The controller may be backed up by the 
distribution circuit breaker (1) as before 
or it may be connected directly to the 
distribution bus depending on short-cir- 
cuit current available at this point in the 
system. Here, however, the controller is 
rated in kilovolt ampere interrupting 
corresponding to the circuit breaker in- 
terrupting rating, and is classified in 
NEMA Standards® as a class El con- 
troller if 25,000-kva or 50,000-kva circuit 
breakers are used. 

Electrically operated circuit breaker 
mechanisms are not built for frequent 
starts and stops, whereas contactors 
operate thousands of times in rapid suc- 
cession. 

While this is a second type control, it is 
not necessarily a step in development 
since it has been used as long as the con- 
tactor type. It is rather a parallel type 
but is declining in use. 

The connections for a third type con- 
troller are shown at 2c in Figure 1. This 
is a step in development in departure 
from previous control design for in addi- 
tion to handling normal motor maximum 
currents it is given an interrupting rating. 
This controller is classified in NEMA 
Standards® as a class E2 controller. The 
power fuses in the controller may or may 
not be of the current limiting type. As 
was mentioned earlier, the advent of 
power fuses made it necessary to know 
the available short-circuit kilovolt am- 
peres in the system at the point at which 
the controller is connected. Fuses are 
available with current limiting charac- 
teristic up to 200 amperes. This corre- 
sponds to motor sizes up to 700 horse- 
power, 0.8 power factor, 2,300 volts and 
1,250 horsepower, 0.8 power factor, 
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4,160 volts. Since interruption takes 
place in considerably less than the first 
1/4 cycle (see Figure 8) the short-circuit 
current will never reach its peak either 
on asymmetrical or asymmetrical basis of 
available short circuit kilovolt amperage. 
Therefore, it is only necessary to insure 
that the available short-circuit kilovolt 
amperage at the point of application is 
within the short circuit kilovolt amperage 
rating of the fuse on a symmetrical basis. 

NEMA Standards? define the available 
short current as ‘‘the average of the effec- 
tive current in the 3 phases” and the ef- 
fective current is the symmetrical rms 
value as determined from the last major 
loop preceding the instant of interruption 
(from oscillogram). 


ae 
/ \ AVAILABLE 
FUSE / SHORT-CIRCUIT 
MELTS CURRENT 
\ 
\ / 
\ / 
\ ii 
\ / 
\ / 
NO, 
Ne 
io EN 
CoN 
a ‘ AVAILABLE 
/ SHORT - CIRCUIT 
\ CURRENT 
/ \ 
/ \ 
/ 
/ \ 
FUSE / \ 
MELTS 


Figure 8. Typical curves.illustrating current 

limiting action of one type of power fuse. 

Left: With symmetrical short circuit. Right: 
With assymetrical short circuit 
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Figure 9 shows a class #2 controller. 
The front view in the center shows the 
power fuses at the top, where they are 


used both as fuse and disconnect. How- 
ever, on larger motors, for contactors in 
the 400 ampere size, power fuses avail- 
able are not current limiting to the same 
degree as those rated 200 amperes and 
below. For example, on one type fuse, 
that is available, which has a maximum 
continuous current rating of 234 amperes 
the actual peak current passed by the 
fuse in instantaneous amperes (including 
d-e component) is 38,000 for an avail- 
able initial asymmetrical short-circuit 
current in rms amperes of 35,000. 

The 35,000 amperes rms corresponds to 
the fuse rating of 150,000 kva at 2,500 
volts. Therefore, the contactor and other 
components of the controller must be 
capable of withstanding this through cur- 
rent, both thermally and mechanically. 

Extensive tests have shown that the 
contactors of NEMA class A standard 
controllers, handling 10 times motor cur- 
rent, will not satisfy this condition. When 
power fuses are used ahead of such con- 
tactors to substantiate the rating in ac- 
cordance with NEMA Standards,® three 
close-open unit operations at rated in- 
terrupting kilovolt amperage are re- 
quired. 

On such tests with standard oil con- 
tactors welding of contacts result on 
closing or excessive gas is generated in the 
tank, because the contacts separate from 
the force of the heavy currents. With air 
contactors, the contacts weld on the 
closing stroke. 

To meet values given in Table II, 
heavy duty construction is required and 
configuration of current carrying parts 
Must minimize the blow open forces from 
heavy short circuit currents. 
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Left: 


tactor. 


Figure 10 (above), 


Figure 9 (left). Class E2 controller with power fuses and air break con- 
Front view, with doors closed. Center: 
with doors open, showing power fuses. 

door open, showing air break contactor 


Front view, 
view with 


Right: 


Rear 


Current carrying members of air break contactor 


showing configuration minimizing blow off effect of high currents 


Oil Immersed and Air Break Types 


The oil immersed contactor and the air 
break contactor each have design fea- 
tures which may make one more desirable 
than the other for special applications. 
For applications in corrosive or explosive 
atmospheres, since all contacts are located 
under oil, the oil contactor is applicable 
where the air break contactor is unsuit- 
able. 

Experience has shown that severe arc- 
ing on contacts under oil results in shorter 
life than for contacts operating in air 
under similar conditions. The oil con- 
tactor should not be applied where severe 
operating duty would result in excessive 
maintenance. One example is of crushers 
with line starters where the machine has 
to be lined up or spotted for lubrication at 
frequent intervals, say every six hours. 
The jogging with contacts handling 
locked rotor current results in severe duty 
on contact tips and oil. Any insulating 
oil will carbonize and sludge in time. For 
this reason parts must be cleaned and oil 
renewed at regular intervals. Also, the 
oil constitutes a fire hazard. 

Following the trend in circuit breakers, 
industry is making use, more and more, 
of the air contactor illustrated in the con- 
troller of Figure 9. It is well suited for 
frequent starting and stopping of a motor, 
especially where it is expected that a con- 
siderable amount of jogging is needed. 
Fire hazard due to presence of oil is elimi- 
nated, maintenance is minimized, and 
contact life is increased. The are prod- 
ucts, liberated at each interruption, pass 
off in the air whereas in the oil type some 
oil carbonization, however minute, oc- 
curs. Blow out coils and arc chutes are 
required. 

Reactors for limiting fault currents for- 
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merly had wide usage in distribution bus 
and feeder circuits. Figure 1 shows the 
connections at 2d to a controller of a 
fourth type with air core reactors for 
limiting fault currents to a value within 
the interrupting ability of the contactor. 
The use of this type of starter is limited to 
600 horsepower and below as voltage loss, 
size of reactor, and reduction in accelerat- 
ing torque becomes excessive with larger 
motors.°® 


The Co-ordinated Controller 


Figure 1 at 2e shows the connections for 
a controller which co-ordinates the func- 


Heavy duty air break contactor, 
400 amperes, 5,000 volts, 50,000 kva with 
through current rating of 25,000 amperes for 
30 cycles 


Figure 11. 
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tions of motor control and the distribu- 
tion switchgear. It is NEMA Class El 
with an interrupting rating of 50,000 
kya. 

In Class £2 controllers such as that of 
Figure 9, where the interrupting is done 
by fuses, it is desirable to minimize the 
blow open effect due to fault currents, 
while the fuse is opening the circuit. 
Otherwise excessive damage to contacts 
will result. One method of accomplishing 
this is by the arrangement of Figure 10 
wherein current passes in nearly a straight 
line. Power fuses generally interrupt, 
even in largest sizes within approximately 
one-half cycle. 

When, however, the controller is Class 
E1, and in fact any controller other than 
a Class £2, on faults above its own inter- 
rupting rating, it must safely withstand 
fault currents, thermally and mechani- 
cally until cleared elsewhere. The ther- 
mal capacity is dependent on maintenance 
of contact pressure. Normally operating 
magnets are energized from line voltage, 
which is reduced materially on fault. 

The fact that two conductors in close 
proximity with current in opposite direc- 
tion, repel each other may be used to 
maintain this contact pressure. This 
method is shown in Figure 11 with the 
motor or load lead disposed under the 
current carrying contacts in each phase. 
Short-circuit currents then produce forces 
on the moving contacts so as to act to 
force them closed. 

The controller may have a thermal re- 
lay which operates in the conventional 
manner on motor overloads. Instantane- 
ous relays cause the contactor to inter- 
rupt faults up to 50,000 kva. These re- 
lays preferably are equipped with lock- 
out contacts which prevent opening at 


short-circuit currents above 50,000 kva. 

The through current rating in Table 
II is established at 25,000 amperes for 30 
cycles to correspond to the 25,000 ampere 
interrupting ratings of the 600 amperes, 
1,200 amperes and 2,000 amperes continu- 
ous rating for circuit breakers to 150 
megavolt-amperes listed in Table I for 
power circuit breakers for distribution 
systems.! Since these breakers all have a 
nominal tripping time of 8 cycles, the 
through current rating of the contactor of 
30 cycles gives ample time margin for safe 
tripping. 

While Class £2 controllers, with power 
fuses, have greatly helped close the gap 
between control and distribution switch- 
gear in fully protecting the apparatus con- 
trolled, users may question three points in 
their application: 


> 


1. Outage time while changing fuses. 
2. Possible single phasing. 


83. Gap in protection between functioning 
of thermal OL relay and minimum current 
at which fuse will blow. 


These considerations have thus far 
caused no concern to users in the field. 
This is principally due to the fact that in 
normal service any short circuit results in 
the flow of full available short-circuit 
current. There are few little short cir- 
cuits; but more completely integrated 
equipment has not been available 


Conclusion 


1. As late as 15 years ago there was 
no definite distinction between applica- 
tion of contactors and circuit breakers in 
motor controllers. Due principally to 
standardization work of NEMA, control 
of motors in horsepower ratings falling 


above 5,000 volts and 50,000-kvq, inter- 


rupting capacity are classified as switch- 
gear. Ratings below these values are 
classified motor control. These classi- 
fications follow generally the dimensions 
of the duty cycles involved and require- 
ments in the functioning of each class. 
In the switchgear sizes interrupting rat- 
ings are necessary. Also in these sizes 


highly repetitive operating cycles ate not 


involved, as is the case in the lower 
kilovolt-ampere ratings. 

2. High-voltage motor control has 
been evolved in recent years to meet the 
interrupting requirements needed in ap- 
plication and still provide control for 
rapidly repeated duty cycles. 

3. The trend in both controller and 
circuit breaker design has been to the air- 
break type. 

4. The requirements for a NEMA 
Class E1 controller are outlined, namely 
highly repetitive duty cycle in starting 
and stopping motors and for protecting 
its connected load in service. 
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Discussion 


G. W. Heumann (General Electric Com- 
pany, Schenectady, N. Y.): The author has 
described in his paper a new design of high- 
voltage air break contactor for use in motor 
controllers. 

High-yoltage air break contactors have 
been built for many years, some designs 
dating back 30 to 40 years. They are very 
important components available to the 
control engineer, especially since the use of 
2,300-volt and 4,160-volt systems in indus- 
trial plants has grown considerably in recent 
years, because of economies as compared 
with 440-volt distribution in certain areas. 

Air break contactors were designed orig- 
inally for duty-cycle service, such as en- 
countered on mine hoists, cableways, aerial 
tramways, and similar applications. Fre- 
quent starting and stopping of the motors 
made air break contactors a necessity; 
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contact life is greater than with oil-immersed 
contactors, and any danger of a fire because 
of leaky oil tank is absent. 

Old-style air break contactors were 
large and sprawley. When switching motor 
currents under heavy load conditions, sheets 
of flame and hot gases, and often parts of 
the are, were emitted from the are chutes. 
Thus, large spacings between phases and 
between the contactors and structural parts 
were required. While such spacings were 
tolerable on single-motor installations such 
as in the hoist house of a mine, they became 
a serious disadvantage when a number of 
high-voltage motor controllers had to be 
assembled into a line-up of enclosed control 
panels. For such applications oil-immersed 
contactors were normally used in spite of 
their above-mentioned shortcomings, in 
order to arrive at practicable control panel 
dimensions. 

Perhaps the most significant feature of 
modern high-voltage air break contactors is 
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the design of their arc chutes and associated 
parts. Current interruption takes place 
entirely within the arc chute, with little, if 
any, flame emitted. This makes it possible 
to reduce spacings between phases and be- 
tween the contactor and adjacent parts. 
This evolution in design permits air break 
contactors to be used in enclosures having 
dimensions comparable to those required 
for oil-immersed contactors of equivalent 
rating. This makes it practicable to use air 
break contactors in enclosed panel line-ups. 
With the reduction in over-all space require- 
ments, ‘we may expect greatly increased 
usage of air break contactors for controlling 
general-purpose high-voltage motors, in 
addition to continuing their old use for 
heavy-duty material handling equipments. 


J. W. Gibson (The General Electric Com- 
pany Ltd. of England): The authors point 
out three difficulties that might arise in the 


- 
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application of power fuses to class H2 con- 
trollers. I consider that these difficulties are 
all avoided if there is correct co-ordination 
between the overload relays and the fuses, 
whereby the fuses are of sufficiently large 
current rating to operate only on electrical 
faults. For motors started on full voltage 
such co-ordination is usually obtained if the 


\ 


fuses are chosen to carry the locked rotor 
circuit, with the necessary margin for a time 
equal to the time of the start. The outage 
time while changing fuses becomes of no 
importance since the fuses only blow if 
there is an electrical fault which must in 
any case be rectified. 

Single-phasing caused by overloading of 


The Determination of Temperature 


Transients in Cable Systems by 


Means of an Analogue Computer 


J. H. NEHER 


MEMBER AIEE 


HE calculation of the ultimate tem- 

perature rise of a cable system under 
‘a constant load is a relatively simple 
matter, and the only difficulty experienced 
is that of determining the proper thermal 
constants for the components of the 
thermal circuit. Once these have been 
determined, the procedure involves only 
simple arithmetic. If the temperature 
rise is desired at some time prior to reach- 
ing the ultimate, however, or if the load 
instead of being constant is varying in 
some prescribed manner, the calculation 
procedure immediately becomes ex- 
tremely complicated involving many 
mathematical computations. 

It is somewhat paradoxical that despite 
the fact that almost all practical cable 
rating calculations involve operating con- 
ditions which fall in the transient cate- 
gory, no satisfactory method of solving 
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such problems on a transient basis is in 
general use. Although the majority of 
cable rating problems may be solved in a 
more or less satisfactory manner by the 
application of a simple modification of 
the steady state calculation technique, 
there is an increasingly greater demand 
for a satisfactory nonmathematical 
method of determining the transient tem- 
perature change which will occur under 
given operating conditions. This paper 
discusses such a method based on the use 
of electrical analogy and describes an 
electrical analogue computer designed 
specifically for the purpose. 


General Considerations 


In a paper recently presented before 
the Institute! F, H. Buller has presented 
a history of the attempts of various in- 


Pipe or Duct Structure 


Oil or Gas Space 


(H,= H) D, y 
(=D, or Dy) 2 


D, - D,= D,- D,= 0,- D, ete. 
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the motor cannot occur, since under overload 
conditions the overload relays operate be- 
fore the fuses. 

Provided that an unnecessarily large fuse 
is not used, there is no gap in protection 
between the two devices, since the “‘take- 
over” value of current can be kept below 
the interrupting capacity of the contactor. 


vestigators to represent the constant load 
temperature transient of the conductor of 
a cable system mathematically and he 
has well demonstrated the complexity of 
the procedure. Even after this transient 
has been obtained, a considerable amount 
of laborious calculation remains to deter- 
mine the transient response to a given 
varying load. This mathematical com- 
plexity results primarily from the fact 
that under transient conditions the 
thermal capacitance as well as the thermal 
resistance of the components of the ther- 
mal circuit must be taken into considera- 
tion, and also because discontinuities are 
present in the thermal circuit.” 

If we consider that in the components 
where the thermal capacitance is actually 
distributed such as in the insulation and 
in the earth, the system may be treated 
as a series of lumped capacitances, then 
it will be evident that the entire thermal 
circuit may be represented by a network 
consisting of shunt capacitances and 
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Equivalent thermal network for a 
buried cable system 


Figure 1. 
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Current Control 


series resistances. Such a system is 
shown in Figure 1 applicable to either 
cables in duct or to a pipe type cable 
system. In the latter case K, represents 
the thermal capacitance of the conductor, 
K, the lumped thermal capacitance of the 
insulation, K3 the capacitance of the skid 
wires and shielding tapes, A, the lumped 
capacitance of the oil, K; the capacitance 
of the pipe, and Ky, K;... the lumped 
capacitances of successive cylindrical 
sections of the earth. The associated 
thermal resistances Hy, Ho, Hz... are 
suitable divisions of the total thermal re- 
sistance as employed in steady state cal- 
culations. 
_ In Figure 1 the network is shown as 
terminated at a diameter equal to four 
times the buried depth of the cable sys- 
tem, since this embraces all of the thermal 
resistance involved in steady state calcula- 
tion. Theoretically as indicated in Ap- 
pendix I, the network should extend to 
an infinite diameter, but as therein indi- 
cated, a rigorous solution may be effected 
with a network terminating at finite diam- 
eter with the addition of a suitable ad- 
justment term. 

This finite network may be solved 
mathematically to obtain the constant 
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heat input—temperature transient with a 
degree of accuracy increasing with the 
number of sections which are employed 
to represent those components having 
distributed capacitances. But here again 
mathematical complexity increases 
rapidly with the number of sections em- 
ployed and it would at first appear that 
nothing was gained by considering the 
system as such a network. 

It is at this point that the electrical 
analogy enters the picture. For the 
system of Figure 1 not only looks like an 
electrical network, it may be set up 
physically as an equivalent electrical net- 


Figure 2 (left). Schematic diagram— 
analogue computer for cable systems 


Figure 3 (above). Network and 
power supply unit of first model of 
computer 


SW 2 


work and solved by the simple procedure 
of feeding an electric current into it and 
measuring the voltage developed as a 
function of time. The current may be 
either held constant or varied in accord- 
ance with any given loss cycle for the 
cable system under study and the voltage 
may be measured at any point in the net- 
work. The time relationships between the 
electrical transients and the thermal 
transients are simply a function of the re- 
lationships between the thermal capaci- 
tances and resistances and their electrical 
counterparts. These relationships are in- 
dicated as F, and F, in Table I which in- 


Table | 
: E Thermal System Electrical Counterpart 

Quantity Symbol Unit Symbol t 
Capacitance Retain sacucts avec ate K . .watt hrs per degree centigrade foot... C=/F,K ...microfarads 
Resistance: Meester H s-ethefrmialiohmiteetss eee eee R=Ff,H ...megohms 
Time /et5 200 ec bb cele. t HOUrs on 20 Saccn ters Riser te eee Si=FcFrt ...seconds 
Temperature rise.........., AT ~..degrees centigrade.1\-yaueia sa | eee E ... volts 

ok 
Heat AoW ss. iser sateen soe Q watts: per foots san tdemienscs pe eae es = . .microamperes 
se 
Per cent ultimate temp. rise, paula i pa TEI fa ae o rae 
7 Re 


*Network current is adjusted to give full scale (100 per cent) on voltmeter when connected across the input 


to the network (capacitors open). 
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dicates the general relationships between 
the quantities involved in the thermal 
system and their electrical counterparts. 

The solution of transient heat flow 
problems in this manner is by no means 
new and a large and versatile analogue 
computer for this purpose has been built 
at Columbia University.* The computer 
described in this paper, however, being 
designed specifically for cable system 
analysis, constitutes a unit representing a 
fraction of the size, cost, and complexity 
of the Columbia installation. 


Calculation of the Components of 
the Thermal Network 


To obtain satisfactory results by this 
procedure presupposes that the basic 
thermal network has been set up properly 
and with the required accuracy, which in- 
volves mainly the manner of lumping the 
distributed capacitances in the insulation 
and earth portions. The general theory 
behind this procedure as outlined in Ap- 
pendix II, consists in dividing these por- 
tions into a number of concentric zones of 
equal radial width in which case the 
lumped capacitance representation of 
each zone exceeds that of the preceding 
zone by a constant amount. The smaller 
the radial width of each zone or the 
smaller the incremental increase in lumped 
capacitances, the greater is the accuracy 
of representation. Experience indicates 
that the insulation may be treated as a 
single zone except possibly when studying 
oil flow problems in oil-filled cables. In 
the case of the earth portion, zone widths 
in the order of 4 inches have been found 
satisfactory. Considerable latitude is 
permissible here and actually the zone 
width is determined by the fixed values 
of the capacitors used in the earth portion 
of the computer. This matter will be 
discussed later on. 

The values of K appearing in Figure 1 
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Figure 4 (left). 
Front view of 
control —unit— 
first model of 
computer 


Figure 5 (right). 
Rear view of con- 
trol unit showing 
plug board for 
setting up a given 
loss cycle 


for each section or zone may be calculated 
by the equation 


K =155«(D,? —D,?) ‘ watt hours per 
1 
degree centigrade foot (1) 


in which « is the unit thermal capacitance 
of the medium in watt hours per degree 
centigrade cubic centimeters, D,; and D, 
are the inner and outer diameters of the 
section in inches, Q; is the heat flow 
through the section, and Q is the reference 
heat flow on the basis of which the net- 
work is being set up (usually the losses per 
cable originating at the conductors). 

The values of H appearing in Figure 1 
are of course identical with those used in 
steady state calculations. In the cases of 
sections or zones having distributed 
capacitance, the distribution of thermal 


Be S17) wo 


resistance on each side of the lumped 
capacitance as indicated in Appendix II 
is given by the equations 
emule logge 
Q 2D 
thermal ohm feet (2) 
Qr 2D2 
He. =0.012p 0 logio D,tD; 
thermal ohm feet 
in which p is the thermal resistivity of the 
medium in thermal ohm centimeters. 
Table II gives values of x and p applicable 
to the various sections and working for- 
mulas for K and H. 

In a previous paper® the author pre- 
sented a method of calculating the steady 
state temperature rise of cables in a duct 
bank in which the earth portion of the 
thermal circuit is considered to start with 
the geometric mean diameter of the work- 
ing ducts Dg’, neglecting any slight dif- 
ference in thermal constants of the duct 
structure and of the surrounding earth. 
This procedure fully accounts for all of 


Table Il 
«(watt p(Com/ 
Section Medium hrs/Ccm) watt) K (watt hrs/Cft) H (thermal ohm feet) 
Conductors, COP DE ice oO OSLO Oe 5 vateitetatn «os 0.15"D-_?2 
Insulation..... PAD Otte, corres 5.7X10-4 ....700....0.088(Dis2—nDe2).......38.65Gi/n** 
(center Ke) 
Oil filled & ..5.7XK10~4 ....550....0.088(Di2— De?)........6.6 logio Di+De 
oilostatic SoD, a 
2Di 
6.61 poe 
Pee arene 
Sheath.......| RAG ao sititenscaD OA DOS: 4 acw's neler 0.060( Ds? — De?) 
2.59 
heath: AUGEMEMAML Renee cate eats soc MeUtME laa aes antaleleres «aaNet: Qe / 2-99 | 0.38 
O\VDs 
Cable-pipe..... Cre CZOOEO SL mratcrar cary eta ei ivoheie aici a siCRenrnemMa rater iemeiedepeerase « .aleuele, aon duel 0.69 Qo ot 
: QD,%7 
» - Q Qo t 
Oe ara sretacys 0 OSGL0 S). os overeietenememeter 0.077 — (Dp?—3Ds2)....0.48 ——— 
Qo O~/Ds 
(center Ko) 
Ei pein anette Sleelainens anne VOW DK OSA arenes 0.160 7 (Dp? Do?) 
e 
D im ts F Rel eS LO 8 Pecrara ohana 11102 
nae struc-. . Concrete x 0.1 5 De NaDa?)* 
s D+D 
VOPT dln elas creed (per section). .1/6.45ape .... pe.... che 2 (pp Bae hes 0.012% pe logio 1+Ds 
ape Oc Q 2D 
Q 2D: 


0.012 ~“pelo 
fay 10 Di+Ds; 


*See text. 
**See reference 4, 
+See reference 5, 
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Nomenclature 


a =earth thermal diffusivity, square inches 
per hour 

C=electrical capacitance, microfarads 

D,, D,=inner and outer diameters of a sec- 
tion, inches 

D,=conductor diameter, inches 

D;=insulation diameter, inches 

Ds; =sheath diameter, inches 

D,=inside diameter of pipe, inches 

D,=outside diameter of pipe, inches 

D, =effective diameter of network as set on 

-— the computer 

D’a=geometric mean diameter of working 
ducts in a duct bank, inches (see 
Reference 6) 

E=electrical potential, volts 

Ei( —x)=exponential integral of —.x. 
page 83 of Reference 7) 

F,=equivalence ratio, electrical/thermal 
capacitance 

F, =equivalence 
resistance 

G,=geometric factor for multiconductor 
cables (See Figure 2 of Reference 4) 

/[=thermal resistance, thermal ohm feet 
(degree centigrade foot per watt) in 
text, degree centigrade centimeter 
per watt in Appendix II 

I=electric current, microamperes 

Io(), Jo), Ko) = Bessel functions 

«=unit thermal capacitance, watt hours per 
degree centigrade cubic centimeters 

K=thermal capacitance, watt hours per 
degree centigrade foot in text and 
watt hours per degree centigrade 
centimeter in Appendix II 

(LF) =loss factor 


(See 


ratio, electrical/thermal 


L=depth of burial of cable system or pipe, 
inches 

n=number of conductors per cable 

Nq=number of ducts per bank 

w =angular velocity, radians per hour 

$=per cent attainment 

Q=heat flow emanating from a conductor, 
watts per foot 

Q; =heat flow in a section, watts per foot : 

Qa=heat flow in the air space for cables in 
duct, watts per foot 

Qe=heat flow in the earth, watts per foot in 
text and watts per centimeter im 
Appendix I 

Qo =heat flow in the oil for oilostatic cables, 
watts per foot 

p=thermal resistivity degree centigrade 
centimeter per watt 

pe=thermal resistivity of the earth, degree 
centigrade centimeter per watt 

yr =radius, centimeters 

7”, Y2=inner and outer ratlii of a section, 
centimeters 

R=electrical resistance, megohms 

S,=equivalent computer time setting, sec- 
onds 

{=time in thermal system, hours 

AT =temperature rise, degrees centigrade 

AT,=temperature rise at conductor, de- 
grees centigrade 

ATi,=temperature rise at diameter 4L, 
degrees centigrade 

ATz, Tz'=adjustment terms, degrees centi- 
grade 

AT,=temperature rise at diameter Dy, de- 
grees centigrade 

y=angular displacement, radians 


the resistance in the thermal circuit; 
but to include all of the thermal capaci- 
tance it is necessary to introduce a lumped 
capacitance at the start of the earth por- 
tion which is based on the area within 
Da’ \ess the void area of all of the ducts in 
the bank. 

In setting up a thermal system such as 
shown in Figure 1 on an analogue com- 
puter, difficulty arises due to the ex- 
tremely large amount of electrical capac- 
itance required to represent the earth por- 
tion out to a diameter of 4L in respect to 
the amount required to represent the in- 
ternal portion, the ratio being in the order 
of 400-to-1 for a typical pipe-type cable 
problem. As a practical matter, how- 
ever, it is only necessary to extend the 
thermal circuit out to a diameter sufti- 
cient to effectively filter out the varia- 
tions in input current when studying the 
effect of a cyclically varying load, since, 
as indicated in Appendix I, the tempera- 
ture rise in the portion omitted is simply 
and accurately calculated by merely ap- 
plying the loss factor of the cycle. This 
procedure reduces the required capacity to 
about 10 per cent of the value for repre- 
sentation out to a diameter of 4Z with a 
corresponding reduction in the thermal re- 
sistance set on the computer to about 70 
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per cent of that of the total circuit in a 
typical case. 

Similarly in reproducing the transients 
resulting from a constantly applied load, 
the computer network may be terminated 
at any convenient diameter at least five 
times the inner diameter of the earth 
portion with the addition of an adjust- 
ment term. This adjustment term de- 
veloped in Appendix I, becomes effective 
after a period of time, which increases 
with the termination diameter. It should 
be noted that even with the network ex- 
tended to a diameter of 4L, there is still 
an adjustment term. 


Analogue Computer Design 


In the design of an analogue computer 
to be used specifically in the solution of 
transient heating problems in cable 
systems, portability and relative sim- 
plicity are of major importance since the 
device presumably will be set up and used 
in an engineering office. Portability is 
achieved by the use of electrical counter- 
parts of relatively small electrical values 
and correspondingly small physical size. 
These in turn result in a relatively short 
duration of the electrical transient, and 
introduce problems as to the manner of its 


i" 
recording. The principal uses of the de- 
vice may be summarized as follows: 

1. Short time emergency ratings—deter- 
mination of the per cent of ultimate tem- 


perature rise after a given time with con- 
stant load. 


2. Effect of load factor—determination of 
the maximum temperature rise which will 
occur during a given cyclically applied loss 
cycle. ve 


3. Oil flow problems—determination of the 
temperature rise at various points in the 
cable system as a function of time. 


A consideration of these uses indicates 
that except in the somewhat special third 
case, a time plot of the transient is not re- 
quired. As a practical matter therefore 
the additional expense and complication 
of a suitable curve drawing voltmeter 
involving a high speed chart and power 
amplifier is not justified provided that 
arrangements are made to take a voltage 
reading at the end of any desired time in- 
terval. With this system transient-time 
curves may be prepared by the point-to- 
point method if desired and the curves of 
Figures 7 to 9 were so obtained. Of 
course, a suitable graphical recorder may 
be added to the system if so desired. 

Figure 2 shows schematically the princi- 
pal elements of the computer, consisting 
of an adjustable resistor-capacitor net- 
work, a current control system, a vacuum 
tube voltmeter, an electronic timer, and 
a suitable power supply. The vacuum 
tube voltmeter may be connected to any 
point in the network and it serves to 
measure the voltage developed at that 
point without drawing any current from 
the network, and thus affecting the 
transient obtained. The electronic timer 
offers a means of disconnecting the volt- 
meter from the network at any desired 
time during the transient, and the voltage 
measured at the instant of disconnection 
is held on the relatively small capacitor 
Cz associated with the voltmeter until the 
meter can be read. The desired time set- 
ting is made on the adjustable resistor 
Ri. 

The network is connected in the plate 
circuit of a pentode vacuum tube which 
has the property that its plate current and 
therefore the network current is, under 
certain conditions, to a good approxima- 
tion, a function of its grid potential and 
independent of its plate potential or the 
voltage developed across the network. 
Variation of this grid potential is accom- 
plished by the tapped potentiometer Rs 
and its series resistor Re. With the grid 
connected to the 100 per cent tap, Re is 
adjusted until the network current is such 
that the voltmeter reads full scale (100 
per cent) across the network. If the 
R,Rs circuit is properly proportioned, the 
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Figure 6. Pipe type temperature response to 
a cyclic load 


relative values of the network current ob- 
tained on other taps on R; remain fixed 
irrespective of the total resistance in the 
network and consequent variation in R», 
for a full scale setting. The taps on Ry 
are arranged to give 10 per cent steps in 
network current. The network current 
may be varied cyclically in accordance 
with a given loss cycle by a 24-point step- 
ping relay which selects the proper tap on 
R; for each step through a plug board ar- 
rangement. The stepping rate is con- 
trolled by a relaxation oscillator and is 
adjusted by the adjustable resistor Ry. 
An auxiliary connection not shown in 
Figure 2 serves to permit a voltmeter 
reading at the end of any selected step of 
the cycle. 

The network consists of 12 sections, of 
which the first seven are identical units 
having maximum values of 1.1 micro- 
farads capacitance and 1.1 megohms re- 
sistance adjustable in 1 per cent steps. 
As many of these units as needed are used 
in setting up the internal portion of the 
thermal system. The eighth unit is 
similar except that the maximum capaci- 
tance is increased by 5 microfarads. The 
ninth unit is a composite affair embracing 
the last four sections which have nonad- 
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30 
Percent of Total Thermal Resistance 


justable capacitors of 10, 15, 20, and 25 
microfarads respectively and suitably 
proportioned resistors gang adjusted in 
five steps to give a total resistance of the 
unit of 0, 1, 2, 3, or 4 megohms. The 
eighth and ninth units together with the 
resistor portion of the seventh unit are 
used in setting up the earth portion of the 
network for relatively small effective diam- 
eters of the cable system. For larger 
effective diameters such as a multicable 
in duct structure, the eighth capacitor is 
used to represent the lumped capacitance 
of the duct structure. A gang-operated 
switch is provided to disconnect and dis- 
charge each of the capacitors prior to 
making a transient run. This switch also 
sets up the circuit for adjusting the net- 
work current. 

The network is set up by first deter- 
mining values of F, and F, which will per- 
mit setting the earth portion exactly by 
the available settings on the eighth and 
ninth units. With these values estab- 
lished there is sufficient latitude in the 
range of the remaining units to set them 
accurately. For most problems it is pos- 
sible to make the product FF, equal to 
unity (one second electrical corresponds 
to one hour thermal) or some integer mul- 
tiplier thereof, thus establishing an in- 
teger relationship between the time in 
hours in the simulated thermal system 
and time in seconds on the computer. 
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In studying the very early portions of 
transients, it is desirable to expand the 
settings for the thermal network to the 
fullest extent by suitably combining the 
available units in the computer, thus in- 
creasing the F,F, product and effectively 
expanding the time scale of the computer 
for greater accuracy. 

Figures 3, 4, and 5 show the first model 
of the computer which was assembled in 
two cabinets only to make use of a net- 
work and power supply assembly pre- 
viously constructed for another purpose. 
The components are all standard radio 
parts with the exception of the plug board 
shown in Figure 5. 


Application 


A typical application of the computer 
is illustrated in Figure 6, which shows 
the equivalent thermal network for a 
typical 1,500,000 circular mil oilostatic 
cable installation. The portion of the net- 
work indicated was set up on the com- 
puter, and the loss cycle shown was then 
applied. The resultant maximum and 
minimum temperature rises at various 
points in the network are given by the 
curves shown directly below the network, 
which were taken after a large number of 
cycles had elapsed. 

The fact that these curves converge 
with a line representative of the loss 
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PERCENT STEADY STATE TEMPERATURE RISE AT CONDUCTOR 


PERCENT MAXIMUM LOSS 


factor of the cycle before the end of the 
portion of the network setup is reached in- 
dicated that a sufficient portion of the 
network has been included and that the 
temperature rise of the excluded portion 
may be simply calculated and added to 
the temperature rise obtained on the 
computer. 

Figure 7 shows the cyclic variation of 
temperature rise both at the conductor, 
and at the pipe. The phase displacement 
between the maximums and minimums of 
these two curves is clearly indicated. 

In similar manner the temperature- 
time transient curves for a constant load 
were obtained and are shown in Figure 8. 
When the time duration is sufficient for 
the adjustment term to become effective 
(in this case for times in excess of 30 
hours) the adjustment indicated was cal- 
culated by equation 5 and added to the 
temperature rise measured by the com- 
puter. 


1366 


CONDUCTOR 


70 


60 


50 


40 


30 


0 2 4 6 8 10 12 14 16 18 20 22 24 


i= Loss) cycle 


80 


60 LOSS FACTOR 56.7% 


40 


20 


() 2 4 6 8 10 12 14 16 18 20 22 24 
HOUR 


Figure 7. Pipe and conductor temperatures for a given loss cycle—1,500,000 circular mil 


oilostatic cable in a 6-inch pipe 
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per-unit loss at the conductor, miditisula- 
tion, oil and pipe for a short time after the 
start of the transient. These curves may 
serve as the basis for oil flow and pressure 
calculations. 


Conclusions 


1. A sufficiently accurate, nonmathe- 
matical method of solving transient heat- 
ing problems in cable systems has been 
described which is based on the principle 
of electrical analogy and obtains the de- 
sired solution by means of an electrical 
analogue computer. 

2. Such a computer has been designed 
specifically for this purpose, which is 
relatively simple and sufficiently small in 
size to be used in an engineering office. 

3. Curves are presented representing 
the transient responses obtained by the 
computer when set up for a typical cable 
installation and which are directly ap- 
plicable to cable rating and oil flow cal- 
culations. 


Appendix |. Derivation of the 
Adjustment Term for a Finite 
Network 


Consider the network of Figure 1 as being 
infinite in extent. The value of AT, ob- 
tained as a function of time would then 
represent the temperature rise at the con- 
ductor if the cable system were buried at an 
infinite depth. To determine the corre- 
sponding temperature rise if the system were 
buried at a finite depth L, we may apply the 
principle of images and subtract from AT; 


Figure 8. Pipe and conductor temperatures for a constant load—1 ,500,000 circular mil oilo- 
static cable in 6-inch pipe 


AT CONDUCTOR 
°o 
| 
| 
+ 
| 


wo 
° 
| 
| 
| 
| 
| 
| 
| 


eS 
° 


—GONDUCTOR 


TEMPE RATURE RISE 
° 


N 
°o 


| | RIPE 


PERCENT ULTIMATE 


6 
| 
| 


EQUATION 5 
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TEMPERATURE RISE-PERCENT OF STEADY STATE 


the corresponding temperature rise A7yz at 
a point in the infinite network representing a 
diameter equal to 42. The net tempera- 
ture rise thus obtained is the true transient 
temperature rise at the conductor of a cable 
system at depth L, since this procedure 
properly considers all of the basic factors 
involved. 

The transient temperature rise AT; 
obtained across the finite network ter- 
minated at 4Z as shown in Figure 1, how- 
ever, will differ from the true transient as 
determined above. To evaluate this differ- 
ence let us assume that cable system is re- 
placed by a line source, since such a system 
is readily amenable to mathematical treat- 
ment, and consider the temperature rise at a 
distance from the source corresponding to 
the diameter Dy. In the case of constant 
heat flow, the true transient temperature 
rise at Dy may be determined by the ex- 
ponential integral formula! 


_ Qepe = —D,? f{—-L? 
Se ral Bi( a) tei at )) 


degrees centigrade (3) 


in which E£i( ) represents the exponential 
integral of the quantity within the paren- 
thesis.’ It may be shown that the corre- 
sponding transient temperature rise for case 
where the earth is considered to consist of a 
cylinder of diameter D; as represented by a 
finite network is given by the expression 


Qepe ie D? 
del. oo as 


D egy gett 
2.56.0 2.41 70), Oe erie 
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Dy\ ese 
Lass 5.52 71), 7 m= | 
D; 


degrees centigrade (4) 


AT, — ATz= 
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in which Jo( ) is a Bessel function of the 
quantity within the parenthesis.’ The 
difference between equations 3 and 4 repre- 
sents the adjustment term which must be 
added to a temperature rise determined in a 
finite network terminated at a diameter D; 
in order to obtain the true temperature rise 
which would be obtained with an infinite 
network. Thus 


Qepe 
4a 


at D;? 
INES log. 9.0— +0.0006 ——+ 
D,? at 


— 23,9 0 say Es 
2.58€ ~~ Dr?*+1.05¢ Dre+ 
= i} 
rif 
at 
i at at 
=Qepe] Gri — ]}—G 
Qep, | (24) i( =) 


degrees centigrade (5) 


where for convenience the functions G,( ) 
and G;( ) may be plotted in terms of their 
respective arguments. Although equation 5 
is actually based on a ratio of D;z/Dy of ten, 
there is substantially no change in its value 
for ratios of D;/D, from five to infinity. 
This fact indicates that the difference be- 
tween equations 3 and 4 effectively occurs 
in the outer portion of the thermal circuit, 
and thus equation 5 may be applied to the 
Practical case where the thermal constants 
of the inner portion may differ from those 
of the outer portion. 

In the case of a cyclic heat flow, the heat 
flow pattern may be analyzed into a steady 
component and a series of sinusoidally vary- 
ing components. Considering the steady 
component, its magnitude is obviously 
equal to the product of the maximum value 
of heat flow during the cycle by the loss 
factor of the load cycle producing the heat 
flow. Thus the adjustment term for the 
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steady component is obtained by multiply- 
ing equation 5 by the loss factor, (LF). 
The ultimate value of this expression is 


Qep. 4. 
c™* (LF) log. a 


AT,= 
rf 27 he 


degrees centigrade (6) 


Considering a sinusoidally varying com- 
ponent ge/('+¥) the following expression is 
obtained which is the cyclic counterpart of 
the constant heat flow adjustment equation 
5 


ilotty) wei 
INI! =| Kode Viele SK 
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degrees centigrade (7) 


in which K,( ) and J,( ) are complex Bessel 
functions of the quantities within the 
parenthesis, and may be evaluated by means 
of the ber, bei, ker, and kei functions tabu- 
lated in reference 8. Equation 7 may be 
thus reduced to the approximate form 
AT;/= gel ottW) nee V w/a(1+J1) 

degrees centigrade (8) 
With a normal setting of the computer this 


term will be found to have a negligible effect 
and may be disregarded. 


Appendix II. Lumped Constant 

Representation of the Thermal 

Circuit for Radial Heat Flow in a 
Uniform Medium 


The fundamental relationships for radial 
heat flow in a uniform medium may be 
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stated in terms of change in thermal resist- 
ance and change in thermal capacitance as 
a function of radius r. 


dH p : 
— =-— degrees centigrade per watt (9) 
dr nr 
dK 2xr f 
— =— watt hours per degree centigrade 
dr ap ii 
square centimeters (10) 


in which p is the thermal resistivity of the 
medium in thermal ohm centimeters and a 
is its diffusivity in square centimeters per 
hour. 

‘Equation 10 also may be written in terms 
of unit thermal capacitance of the medium x 


dK 


7. =2Qarxr 


(10A) 


1 
k=— watt hours per degree centigrade 
ap 


(11) 


Thus H and K between any two radii 7 
and 72 are obtained by integrating equations 
9 and 10 between these limits. 


cubic centimeters 


Hn=> log, 72/7, thermal ohm 
Tv 


centimeters (12) 
tg 
Ky =—(%2—72) watt hours per degree 
ap 
centigrade centimeter (13) 


The equivalent network for the earth or a 
portion thereof may thus be formulated by 
dividing the earth into a number of con- 
centric zones of radii 7”, rz, 73,...such that 
the difference between any two successive 
radii is a constant Ar. The lumped capaci- 
tance for each zone calculated by equation 
13 is logically located at points on the 
thermal resistances for the respective zones 
corresponding to the median radii 7,72’, 
rs',... where 


Discussion 


Wm. A. Del Mar: (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
The most ingenious feature of Mr. Neher’s 
analogue computer is the use of an electronic 
timer whereby he is enabled to bridge the gap 
between slow thermal flow and fast electrical 
flow. Without this device it would be im- 
possible to represent the thermal changes 
that take hours, by the charges and dis- 
charges of condensers which occur in sec- 
onds, a ratio of about 3,600 to 1, or a week 
in less than 3 minutes. 

This computer is being used in committee 
work to mutually check calculations made 
by F. H. Buller! and by an approximate 
formula developed by Dr. R. J. Wiseman. 
It also is planned to use it in connection 
with a committee project for developing 
calculations on the hydraulics of pipe-type 
cables having oil as pressure medium. 

It is exceedingly useful for computing the 
oil demand of oil-filled cables, a procedure 
that now requires laborious calculations with 
Bessel functions that may take longer for a 
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12 . 
.. centimeters 


(14) 


1 = 


Thus the thermal resistance branches for a 
given zone are divided as follows 


n+r 
Eye ae log. ee thermal ohm 
2r 2 
centimeters 
2re 
Hes =— lo thermal ohm 
i Qa Be n+re , 
centimeters 
(15) 


This procedure is illustrated in Figure 10 
which shows plots of equations 9 and 10 
against r and an illustrative equivalent net- 
work set up by taking 7,=5 centimeters, 
ro=15 centimeters,.... Each resistance 
branch is numerically equal to the area 
under the resistance curve and each lumped 
capacitance is equal to the area over the 
capacitance curve (since this curve is drawn 
to an inverted ordinate). 

It will be apparent that the accuracy of 
representation increases as Ar is decreased, 
and for infinitely small values of Ar the 
network solution would be equivalent to a 
solution by Bessel functions. 

Practically the relationship between the 
successive capacitances involved in the 
earth network is fixed in the computer by 
commercially available unit sizes of elec- 
trical capacitors, and this effectively fixes 
the radius scale of Figure 10 for a particular 
problem under solution. Figure 10 as 
drawn is representative of the radius scale 
for small starting diameters, and the rela- 
tively large adjustment of 7, required is 
accomplished by adjustment of the first 
capacitor in the network and its associated 
resistors. 

For relatively large starting diam- 
eters the first section of the network is 
omitted and rz is suitably adjusted by 
changing the radius scale. 

Figure 11 shows a comparison of the 


computer measured values of the transient 
temperature rise across the network shown 
in Figure 10 as it would be set up on the 
computer for a typical oil-filled pipe-type 
cable installation, with the true temperature 
rise for uniformly distributed constants. 
The time temperature rise was calculated 
for a hollow cylindrical section with the heat 
input at the inner surface by equation 6 of 
reference 1. The initial effect of the lumped 
constant representation in raising the com- 
puter values above the true curve is to be 
expected, but this disappears when the 
cable system network is joined to the earth 
network. It is therefore concluded that 
this lumped constant equivalent adequately 
represents the portion of the earth system 
included by the computer. 
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manufacturer to carry out than the period 
between an inquiry for such cable and the 
time that a quotation must be furnished. 

Long calculations are not only objection- 
able because of the time they consume but 
also because of the great chance they offer 
for mistakes, The computer overcomes this 
difficulty. | 


REFERENCE | 


1. See reference 1 of the paper. 


Dr. A. Gemant (The Detroit Edison Com- 
pany, Detroit, Mich.): The author, in order 
to make his circuit much simpler than that 
of Paschkis’, assumes radial symmetry to 
prevail. However, radial symmetry does not 
exist in the earth, and not at all in a duct 
bank; hence, the accuracy will suffer ow- 
ing to this simplification. The general case 
is two-dimensional. 

The resuits presented do not appear to 
contain a verification of the circuit by 
comparing its data with those obtained in a 
field installation. 

If the method should prove, by experi- 
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ence, sufficiently accurate, it would provide 
a very elegant way of obtaining tempera- 
ture transients in cables. 


E. L. Harder (Westinghouse Electric Corpo- 
ration, East Pittsburgh, Pa.): Several 
papers at the 1951 AIEE Summer General!~$ 
Meeting outlining the solution of important 
engineering problems by the analogue com- 
puter show the general acceptance and value 
of this method, and a number of the other 
problems discussed could beneficially have 
used the analogue method. Where direct 
tests are impractical because of size or cost 
or inavailability of the equipment in the 
planning stage, and where calculations are 
quite involved, the computer or simulator 
provides an excellent possibility of obtain- 
ing the needed data most economically. 

On the Anacom computer, which is our 
general purpose analogue computer, some 
220 engineering problems falling into 52 
different categories have been handled in a 
period of three years. Naturally we are 
enthusiastic. 

The choice of general ptirpose versus 
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special purpose computer depends on the 
use and there is a definite field for each. 
Mr. Neher has mentioned the convenience 
of the special purpose unit. Where a partic- 
ular problem must be solved many times 
for different conditions a special purpose 
computer is often justified. It can fre- 
quently be made more convenient for its 
particular problem than a general purpose 
machine used for that problem. The sizes, 
dial markings, and metering can all be ideal 
for that problem. Where many different 
problems are to be solved, the general pur- 
pose computer is usually more economical. 

Fhis particular computer has been most 
skillfully executed and the presentation 
shows the marks of thorough workmanship 
andcare. The author is to be congratulated 
on presenting all of the information that is 
essential to understand and use the method 
with confidence, including the units and 
conversions and the mathematical back- 
ground. The computer should prove a very 
worthwhile contribution to the users of 
cables. 

There are a few detail questions that 
would clarify certain points in my mind 
and which might interest others in the audi- 
ence. 

1. How are the 7 per cent shield loss 
and 12 per cent pipe loss introduced in the 
analogue of Figure 6? 

2. Why is the shield capacitance not 
used? Is it too small? 

3. How are the maximum readings taken 
for Figure 6? Is this by plotting curves as 
in Figure 7 for each position or can they be 
read directly? 

4. Why does 100 per cent computer 
meter reading in Figure 6 not correspond to 
the steady-state drop in that part of the 
thermal system represented on the compu- 
ter? 

5. I presume the study assumes equal 
heat in the other two conductors. (Figure 
6) : 

6. In Appendix I where the rise for a 
depth D is taken equal to the rise above a 
cylinder of diameter 4D. Does this not as- 
sume the earth surface to be the ambient, 
that is, an equithermal plane above which 
temperature is measured? Is thiis justified 
practically? Might it not heat up? 
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V. Paschkis (Columbia University, New 
York, N. Y.): The increasing use of analogue 
computers for heat flow studies is always 
gratifying and the author is to be com- 
plimented on designing a small and compact 
unit. 

The following questions came to this 
reader who has experience with the large 
computer mentioned in the paper as refer- 
ence 3. 


ily With the short times used (1 second 
electric=1 hour heat), how well can read- 
ings be made, particularly shortly after load 
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changes, when temperatures vary rapidly? 
With a high, but brief overload, say of 15 
minutes duration, the “electric time’’ would 
be only 0.15 second. On a large computer 
ample time can be provided to read instru- 
ments. 

2. In Figure 11 the time scale (abscissa) 
starts at 1 hour, and even at that time the 
recorded temperature is roughly 10 per cent 
too high. How large is the error at early 
times? Can the error, as shown, be attrib- 
uted to inaccurate timing of the reading? 

3. In equations 1 and 2 the addition of 
the ratios Q/Q; and Q;/Q respectively needs 
explanation. The ‘‘rate of heat flow through 
the section” (Q,) varies with time. What 
value is taken, and how is the use of the 
ratio justified? 

4, In many instances a cable may be 
located in earth in the neighborhood of heat 
sources or sinks. (For example cables run- 
ning parallel to other cables, to steam or 
water pipes). In this case, or if the surface 
of the earth undergoes temperature changes 
the network as shown is not sufficient. 

5. Since a “portable calculator” in the 
office is of definite value, the reviewer 
wonders, if a “‘calibration’’ by means of a 
large computer might have any merits. A 
power company would then study for any 
of its cables which it considers critical, the 
total picture by means of a large computer. 
It might be possible to reduce the different 
influences mentioned in (4) in such a manner, 
that ‘‘quasi empirical’”’ corrections could 
be found, to be applied to the portable net- 
work, which would be available for day to 
day solution of operating problems. 

6. It would be interesting to see a dis- 
cussion of the over-all accuracy covering 
errors caused by the circuit elements (leak- 
age in condensers, nonlinearity in instru- 
ment amplifier, tolerance in resistors and 
condensers) and by the lumping. Such 
errors are of varying importance for dif- 
ferent conditions; the speed of load changes 
being one example for such conditions. 
A check on over-all accuracy for various 
problems might be obtained by comparison 
with a more elaborate network. 

These remarks are not made in a sense of 
criticism, but rather in the hope that they 
might enhance the usefulness of this tool. 


J. H. Neher: I am very glad that Dr. Del 
Mar has mentioned the use being made of 
this analogue computer in connection with 
certain projects being undertaken by the 
Cable Characteristics Subcommittee, be- 
cause these projects furnished the necessary 
urge to proceed with the development of 
this device at this time. Remarkably good 
agreement has been found by comparisons 
with calculations made on system setups 
under conditions relatively amenable to 
mathematical calculations and gives re- 
assuring evidence that the device is theoret- 
ically sound. Furthermore, it has made 
possible the investigation of many more 
cases than could have been computed mathe- 
matically with the limited available per- 
sonnel, 

Dr. Gemant has suggested verification by 
comparing the data obtained on the com- 
puter with that measured in a field installa- 
tion. It should be recognized that this 
computer does not present a direct solution 
of a particular cable heating problem in the 
same sense that Dr. Gemant obtains such a 


” 
vy 


solution by the use of his reduced scale’ 
model.1 Rather, the properly adjusted 
computer does only that which would other- 
wise require laborious mathematical solu- 
tion of an elaborate thermal network. The 
formulation of this network, and the de- 
pendent settings for the computer require 
the same information as is needed for the 
rigorous mathematical calculation. Thus, 
an agreement between computer and field 
measured values would indicate primarily _ 
that the thermal constants and geometry 
were representative of the case under con- 
sideration. The computer also may be used 
readily if desired, to check results obtained 
by use of the Gemant reduced scale model. 

The basis of this method is mathematical 
and it is unfortunate that it has been neces- 
sary to condense what could well fill an 
entire paper into a short appendix. Thus, 
in regard to the apparent radial symmetry 
which Dr. Gemant mentions, one might well 
assume from a casual reading of this paper, 
that the solution was based on radial heat 
flow in a system of diameter equal to four 
times the buried depth of the cable, part of 
this solution being obtained by setting up a 
radial system of a lesser diameter on the 
computer and the remainder of the solution 
by mathematical calculation for what was 
left over. 

Actually a careful study of Appendix I 
will indicate that the basic solution involves 
assymmetry due to location of the cable 
near the earth’s surface. This has been 
treated in a conventional manner, as pre- 
viously discussed by the author before the 
Institute.2 It so works out as shown in 
Appendix I that the solution is equivalent 
to the solution of a radial system as accom- 
plished on the computer plus a calculated 
adjustment term which accounts for the 
assymmetry as well as the portion of the 
system not set up on the computer. 

It is very gratifying to have discussions 
by Dr. Harder and Professor Paschkis, who 
have had a great deal of experience with 
analogue computers. Dr. Harder has raised 
an interesting point in respect to Figure 6 
of the paper, and one which is not at first 
apparent in the figure. For the system 
shown the steady state temperature drop 
across the network setup is 72 per cent of 
the total drop in the system, and this 72 
per cent corresponds to 100 per cent meter 
reading. The length of the meter reading 
scale shown should thus be 72 per cent of 
the ordinate of the figure. The base of this 
meter reading scale on the illustration, 
however, is placed on the calculated cyclic 
drop in the 28 per cent of the system omitted 
which is 18 per cent of the total steady 
state drop. Thus the 100 per cent meter 
reading point would fall at 90 per cent ordi- 
nate as shown in the figure. 

In determining the curves of the figure it 
was merely necessary to watch the meter as 
it followed the transient and to note the 
highest value attained for each position of 
the voltmeter along the network. If there 
is any indication that the voltmeter needle 
cannot follow the transient and steady 
down during any hourly interval, the true 
position of the voltmeter at the end of that 
interval may be obtained by a selective 
cutout connection not shewn in Figure 2. 

Professor Paschkis is quite right in point- 
ing out that with a time ratio of 1 second 
electric to 1 second thermal, a 15-minute 
transient in the thermal system could not 
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be measured with sufficient accuracy. As 
indicated in the paper, however, this time 
ratio is not fixed in the computer, and de- 
sirably should be changed when studying 
short time transients. As an example the 
component values of the electrical network 
used in determining the curves of Figure 9 
of the paper were so chosen that the time 
ratio was 10 seconds electric to 1 hour ther- 
mal. The 10 percent disagreement between 
theoretical and measured values at the start 
of the curve of Figure 11 is due to the fact 
that in accordance with the method of form- 
ulation of the equivalent electrical network 
as given in Appendix II the first component 
of the network is a series resistance. Thus 
the instant current is applied to the network 
a voltage drop will appear across this resist- 
ance. The theoretical curve on the other 
hand, has zero temperature rise at the in- 
stant that heat flow starts. This disagree- 
ment disappears as the transient progresses, 
but it is still in evidence in this case after 1 
hour thermal. 

In an actual case the first component 
of the network is always a shunt capaci- 
tance (representing the conductor) and the 


above disagreement will not be noticeable. 

In most cable systems heat is liberated 
due to losses at more than one point (con- 
ductor sheath and pipe where present) and 
in multiconductor systems, the heat flow 
in the earth is a multiple of the heat flow in 
the individual insulations. To simplify the 
solution for steady-state conditions it is 
customary to adjust the basic thermal con- 
stants involved to values which will give 
the proper thermal drop in the respective 
components on the assumption that there 
is a single source of heat flow originating at 
one conductor. The Q/Q, ratio mentioned 
by Professor Paschkis constitutes this ad- 
justment. The extension of this procedure 
to transient solutions is rigorous as far as 
the multiple paths of heat flow are concerned 
but not in respect to the additional sheath 
and pipe losses which should properly be 
treated as additional current feeds to proper 
points in the electrical network. The com- 
plexity of such an arrangement is not con- 
sidered to be justified, however, and the 
conventional adjustment represents a rea- 
sonable compromise. 

In the case of interference by local heat 
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source or sinks, this is simply handled by 
either calculating the interference tempera- 
ture changes if steady state or determining 
it on the computer if transient and super- 
imposing it upon the solution obtained neg- 
lecting the interference. The application of 
the principle of superposition in this respect 
has been discussed in a previous paper.? 

The computer is simply calibrated or ad- 
justed by setting up a simple resistance- 
capacitance circuit for which the response 
can be accurately calculated and then ob- 
serving the response as obtained on the 
computer, and setting the timing circuits 
accordingly. The inherent accuracy of this 
computer is not too great but it is quite 
sufficient in view of the accuracy with which 
the components of the thermal network can 
be determined. 
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Voids and Wax In Solid High-Voltage 
Cables 


FRANK J. POHNAN 
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Synopsis: A new method of inspection of 
impregnation of solid-type cable insulation 
was developed. This method is based on 
the property of oils and waxes to fluoresce 
when activated by ultraviolet light. This 
method reveals details of impregnation in 
new cables and wax formation in old cables 
that are not apparent with ordinary light. 


ITH THE advent of higher and 

higher voltages on underground 
cables, many new difficulties and prob- 
lems have arisen for both the cable 
manufacturers and cable users. It soon 
was learned that practically all insulation 
defects resulting either from manufac-~ 
ture, subsequent handling, or actual sery- 
ice of the cable, which remained un- 
noticed at the lower voltages, forcefully 
revealed themselves at the higher stres- 
ses. Closely controlled processes using 
the best known materials have greatly 
improved cables but have not solved all 
the problems for solid-type cables as in- 
dicated by the increased use of oil-filled, 
gas-filled, and compression cables. 

In spite of all the precautions taken by 
the manufacturers, there still are unpre- 
dictable variations even in the best of 
the solid-type high-voltage cables, which 
sometimes result in differences in per- 
formance, for which there is no satisfac- 
tory explanation. 
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Technical Program Committee for presentation at 
the AIEE Summer General Meeting, Toronto, Ont., 
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Observations of cable failures in service 
and failures and incipient failures on ac- 
celerated aging tests have led to the con- 
clusion that two types of 
breakdown are predominant. One is 
thermal while the other is caused by dis- 
charges in voids. When examination 
shows that a failure is caused by dis- 
charges in voids, evidence also indicates 
that a path (pinhole) is formed through 
the first, or first few tapes. Subsequently 
the impregnating compound between suc- 
cessive layers of tape carbonizes forming 
connected carbonized tracks or treeing, 
with the branches of the ‘‘tree” growing 
outward from the conductor. This tree- 
ing gives a definite, unmistakable and 
visible clue as to the origin of the break- 
down. Except in belted three conductor 
cables, it almost always can be traced 
back to ionization in a void at the con- 
ductor, or, in a few, rather infrequent 
cases, to a void at the cable sheath. 

To obtain some additional information 
about the cable insulation deterioration 
and the mechanism of its breakdown, we 
have made numerous laboratory tests, 
and over a period of years inspected and 


insulation 


Figure 1. Arrange- 

ment of equipment 

for _ photographing 
cable insulation 
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studied the condition of insulation of a 
great many solid-type impregnated-paper 
cables of various makes, types, and 
sizes, new and artificially aged, as well as 
those which for various reasons were re- 
moved from service. 

During our investigation we have 
found, by studying the accompanying 
wax formations, that the cavitation or 
void formation in service started in each 
case in the dielectric wall at about one- 
third to one-half the distance from the 
conductor to the sheath, Although the 
cavitation slowly increases in size with 
time, in the cases examined, it remains 
isolated from the conductor until prac- 
tically all or at least most of the impreg- 
nating oil is converted into wax and the 
cable becomes dry. It was, therefore, 
suspected that new cables are not void- 
free, and that there are voids near the 
conductor strands or sheath because the 
treeing started either at the conductor or 
sheath. 

At the beginning of our wax studies 
we have used the magenta wax test de- 
veloped by Hamilton and described by 
Robinson.!' While the magenta wax test 
is an extremely helpful tool, it is quite 
laborious, and too slow where a detailed 
investigation of a large number of cables 
is involved. 

Detailed investigations and studies of 
cable wax formations are quite difficult. 
In the absence of a standard method and 
nomenclature, it isan accepted practice to 
call the wax formations: a trace of wax, 
little wax, medium wax, heavy wax, 
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Figure 2 (left). A photograph of one con- 
ductor of a new 3-conductor cable, made by 
ordinary light showing how the insulation 
impregnation appears to the eye during a 
conventional inspection. The insulation im- 
pregnation seems to be thorough, with uni- 
form oil distribution and without any voids 


Figure 3 (right). A photograph taken with 
black light, of the sample shown in Figure 2, 
without any changes whatsoever being made 
on the sample between photographs. The 
distribution and the amount of oil in any spot 
are shown by the uniformity and degree of 
whiteness respectively. Poor oil distribution 
and numerous voids, of various sizes and 
shapes, not detectable by the conventional 
method of insulation inspection are clearly 
visible 


and so forth. Furthermore, there is 
little consistency if more than one man 
does the dissecting because what one man 
calls light wax, the other may call medium 
wax, and what one calls medium wax, 
the next man may call heavy wax, and 
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Figure 5 (left). A conductor of a new 3- 
conductor cable. The impregnation is thor- 
ough, distribution of oil is uniform, and the 
gaps between adjacent turns of tape are com- 
pletely filled with oil. There are no voids 
except for two (small) bubbles in one of the 
gaps (the third white crossbar from the top). 
This shows that perfect insulation impregnation 
can be produced 


Figure 6 (right). A conductor of a new 3- 

conductor cable. The impregnation is poor, 

there is a genuine deficiency of oil, and dry 

gaps. Some of the voids have the tree-like 
shape 


so on. The same is true for rating the 
degree and condition of the cable insula- 
tion impregnation. The need for a 
quicker, more accurate, reliable, and re- 
producible standard method of cable in- 
sulation inspection prompted a study of 
this problem. As a result of this study, a 
simple, rapid, and inexpensive cable in- 
sulation inspection technique was de- 
veloped. 

The new method is based on the fact 
that most oils and waxes will ‘‘fluoresce”’ 


Figure 4. A conductor of a 
new 3-conductor cable. It 
shows poor distribution of oil, 
dry gaps, and the size of voids 
found in some new cables. 
To show that the voids were 
not created during unwinding 
of the tapes by lifting off of the 
oil from the tape underneath, 
the underside of the tape being 
unwound and the upperside of 
the tape still on the sample 
are shown, with the tape being 
unwound in place, the dark 
areas are directly overlaying. 
This shows a deficiency of oil 
in the dark area between the 
two tapes 
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A conductor of a new 3- 

Shows poor oil distribu- 
tion, dry gaps and voids of different shapes 
and sizes 


Figure 7 (left). 
conductor cable. 


Figure 8 (right). A conductor of a new 3- 
conductor cable. Poor distribution of oil, 
dry gaps, and voids of strange patterns 


when activated by ultraviolet radiant 
energy. They possess the property to ab- 
sorb the energy of the impinging invisible 
ultraviolet rays and convert it immedi- 
ately into light which falls within the 
visible spectrum. To use this property of 
the oils and waxes to the best advantage, 
they must be activated by a source of 
ultraviolet energy containing little or no 
visible (light) energy. 

The most convenient sources of activat- 
ing energy are the high-intensity mercury 
vapor lamps. However, to obtain the 
best effect, it is necessary to filter out the 
visible light. This can be accomplished 
with various kinds of glass filters. Such 
filters are available in several transmis- 
sion ranges. Most of them contain 
nickel cobalt salts which make them ap- 
pear black. Corning filter number 586, 
for example, will transmit ultraviolet be- 
tween 3880A and 32804 only. 

For visual examination, an ultraviolet 
lamp with a filter or a black light is all the 
equipment required. Although a visual 
examination may be made in full day- 
light, a darkened room is very helpful in 
detecting and examining very small voids, 
or the distortion details of larger voids. 
Photographs must, of course, be taken in 
a dark room. It should be kept in mind 
that the intensity of the light given off 
by the fluorescence of the impregnating 
oil or of the cable wax is low, and that 
a time exposure will be necessary. 
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A conductor of a new 3- 
General deficiency of oil, 


Figure 9 (left). 
conductor cable. 
dry gaps, and numerous large voids 


Figure 10 (right). A conductor of a used 3- 
conductor cable, Insulation is dry and uni- 
formly waxed. Wax in gaps is clearly visible, 
A string of wax is hanging from the second gap 


The exposure time depends on the 
speed of the film, opening of the lens, and 
the intensity of the fluorescence, Since 
only the fluorescence is to be photo 
graphed, all the ultraviolet rays reflected 
from the sample must be prevented from 
After considerable 
experimenting, we have found that a 
green filler mounted in the camera in 


acting on the film, 


back of the lens gives the best results, A 
film having a good response in the region 
of the wavelengths emitted by the fluo 
rescence The cable 
photographs shown in Vigures 2 to 11 
were taken on Kodak XX Panchromatic 
film, using an I-8 lens opening and an ex 


should be used, 


posure of 8 seconds, 

While in visual examinations there is an 
appreciable difference between the hue 
of the oil and that of the wax, on photo 
graphs both appear white, There is, 
however, a difference between the two 
even on photographs. While areas 
covered with oil appear as soft, smooth 
while, wax shows up as a rougher, grainy 
white surface, The amount of oil or wax 
in any one spot is indicated by the degree 
of whiteness, 

The new method of cable insulation 
inspection may very conveniently be used 
with the cable wrap overlay photography 
developed by Meyerhoff and Moster,? 


Figure | shows the set-up used in our 


work, The equipment 
camera, a black light, a rotating film 


drum, and a sample holder, Almost any 
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consists of a 


Pohnan 


kind of a camera may be used for single 
photographs. For cable wrap overlay 
photography, a camera is required on 
which the ground glass or plate holder 
may be replaced by the rotating film 
drum after the camera is focused on the 
sample. The film drum in the photograph 
is an old oscillograph film holder with a 
having 120 divisions, 
The number of divi- 


dividing 
fastened to its top. 
sions was determined by the length of the 
film on the drum and the width of the slit 
The ac- 


plate, 


opening in the film holder. 
tivating source is a CH, or WHy, 100 watt 
mercury vapor bulb with a Corning 
nickel-cobalt filter. The sample holder 
has a revolving chuck mounted on a 
sliding block, which permits rotation of 
the sample, and a stationary index against 
which the sample rests after the removal 
of each tape. Thus regardless of how 
many tapes have been unwound, the 
sample is always automatically in focus, 

The brightness of the fluorescence is a 
function of the type and amount of the 
fluorescent material activated, and of the 
The 
luminescent hue or color of the glow de 


intensity of the activating source, 


pends upon the chemical make-up of the 
material, Oils, paraffins, and 
waxes cach have their own characteristic 


excited 


color of fluorescence which can be used 
not only in their detection, but may aid 
also in their identification. We have 
actually found that there is a consider 
able difference in color of the fluorescence 
exhibited by the impregnating oils used 
in the various makes of cables, 

The new method permits a rapid in- 
spection of the cable insulation, layer by 
layer, without extracting the impregnat- 
ing oil, WWach tape is examined before its 
from the cable, without dis 
turbing in any way any of the evidence as 
it occurs in the cable, 


removal 


This method will 
not only detect even the slightest traces 
of cable wax in aged or used cable, but 
will, with equal sensitivity, detect a de- 
ficiency of impregnation in new cables. 
It should be helpful in post-mortem 
analyses and studies of arrested or in- 
cipient failures, particularly when wax 
formation studies of a large number of 
cables are to be made, Since it may be 
used either visually or photographically, 
it provides a reliable and reproducible 
technique, which may be standardized, of 
making permanent records of the exact 
condition of insulation of both new and 
used cables, If used photographically, 
the inconsistencies caused by the human 
factor, in grading the degree of iMpregna- 
tion as well as the degree or amount of 
waxing, are eliminated, 


Because of the suspicion that new 
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Figure 11. A con- 
ductor of a used 3- 
conductor cable. 
All the oil has been 
converted into wax, 
and the insulation is 
entirely dry. This 
shows that ionization 
of voids in the di- 
electric wall may 
produce only wax 
and no treeing or 
tracking. There was 
probably a  defi- 
ciency of impregna- 
tion in the cable 
when new 


cables are not void-free, and have voids 
near and at the conductor strands when 
received, samples of all available makes 
and types of new cables were subjected 
to a rigid inspection utilizing the newly 
developed method, It was found that 
most new cables are not void-free. Many 
have voids of irregular shapes and sizes, 
of random distribution throughout the 
entire insulation wall from the cable 
sheath to the conductor strands, In some 
cases the voids between an appreciable 
number of successive layers were found 
not only radially overlaying, but actually 
connected through dry channels between 
adjacent turns of tape in the affected 
layers. It also was found that in some 3- 
conductor shielded cables, the impregna- 
tion of the insulation of individual con- 
duetors in the same cable was, over the 
inspected length, widely different. In 
some cases one conductor was found to be 
quite bad while the other two conductors 
had relatively few voids. In other cases 
one conductor had fairly good impregna- 
tion while the other two conductors were 
bad, Still in other cases voids of various 
sizes were found in the insulation of all 
three conductors. The unequal degree 
of impregnation may perhaps throw some 
additional light on the strange behavior 
of some 8-conductor shielded cables dur- 
ing accelerated aging tests, where one 
conductor goes almost completely dry 
and develops hot spots while the other 
(wo conductors retain their compound 
and satisfactory dielectric properties, By 
examining samples taken from the cable 
so that an appreciable length of the cable 
was explored, longitudinal variations in 
the impregnation of a similar order were 
found, x 

It would be extremely difficult to de- 
scribe adequately the condition of in- 
sulation in the new cables as we found 
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it. With’ the new method it is quite easy 
and convenient to photograph the evi- 
dence. 

Figures 2 to 11, inclusive, show the 
representative cases of impregnation 
and wax formation in the insulation wall 
of different cables. 

With poor impregnation at the con- 
ductor strands, we have, in new cables, 
an essential prerequisite for ionization 
which may produce carbonization, tree- 
ing, and a subsequent failure. According 


to Atkinson*® carbonization starts when 
the ionization becomes destructive. 


Conclusions 


The new method of inspection of im- 
pregnation of cable based on the proper- 
ties of oils and waxes to fluoresce on ex- 
posure to ultraviolet radiation, is a valu- 
able aid in the study of solid-type cable 
insulation. It can be used to determine 
the quality of impregnation of new cables 


Discussion 


L. I. Komives (The Detroit Edison Com- 
pany, Detroit, Mich.): Mr. Pohnan pre- 
sented an original thought to help explain 
variations which occur in solid-type cables. 
His method looks like a very valuable new 
tool and it should be used by both the cable 
manufacturers and users in research on 
cables. Such a test, as suggested in this 
paper, may supply an answer to the age-old 
question as to what is the difference between 
sonductors of a multiconductor cable which 
were made under quite similar conditions 
yet which show such great differences of life 
on accelerated aging tests, results which 
sould not be explained by statistical scatter- 
ing of values. The method will be recom- 
mended to be tried in the Research Labora- 
tory of The Detroit Edison Company. 


Wm. A. Del Mar (Phelps Dodge Copper 
Corporation, Yonkers, N. Y.): Dr. D. M. 
Robinson published! a theory of cable failure 
which, briefly described, is as follows: 

Maximum stress, he says, occurs at the 
conductor surface giving rise to ionization 
and formation of carbonized corings or 
needles which extend into the insulation, 
varrying the potential of the conductor with 
them and thereby creating tangential 
stresses which give rise to lateral discharges 
in the oil or gas films between tapes. These 
discharges burn the oil into dendrites and 
failure is completed by discharges from the 
dendrites to the sheath. 

Now Dr. Pohnan has provided a very 
elegant demonstration of something we al- 
ready knew or suspected, namely that areas 

subnormal impregnation exist in a solid- 
Se paper insulated cable. Indeed it is the 
presence of such areas that distinguishes a 
solid type cable from an oil-filled cable. 

While he shows that these areas, which he 
designates as cavitations, may exist in a new 
ee he assumes that the dendrites that 
form therein, when failure is imminent, re- 

iit, not from ionization native to the cavi- 
tations but from the Robinson effect. 

My view is that Robinson may have put 
the cart before the horse and that failures 

start, not at the conductor, but at the 
itations and may spread from there to 
1e conductor and sheath. Robinson may 

able to show corings without dendrites 

dendrites without corings are much 
re common and Dr. Pohnan has given us 
beautiful way of demonstrating the con- 
ion that gives rise to them. 
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and the nature and extent of deteriora- 
tion in used cables. 
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The question may arise, how do Dr. 
Pohnan’s cavitations become activated with 
destructive ionization deep in the insulation 
before the effects of ionization become 
visible near the conductor where the stress 
is supposedly greater? 

The reason, I suggest, is that when ioniza- 
tion starts in a cable, it starts near the con- 
ductor due to the higher stress that exists 
there prior to ionization. This is in effect, a 
reduction of the resistivity of that part of the 
dielectric so that the potential distribution 
is no longer a function of the capacitance 
alone but becomes a function of the dielectric 
impedance. 

Once that occurs, the region of maximum 
stress moves outward from the conductor 
into the insulation and it is at the new region 
of maximum stress that the cavitations de- 
velop dendritic burns. 

I do not offer this explanation as a proved 
fact but as an alternative to the Robinson 
theory, to be checked by experimental re- 
search. Dr. Pohnan has given us a new tool 
to help such an investigation. It has al- 
ways seemed queer to me that we do not be- 
lieve the evidence of our eyes that slow fail- 
ures start deep in the insulation and prefer 
to explain away this evidence because of 
blind faith in the immutability of the 
O’Gorman formula for maximum stress. 
Innumerable cables that I have examined 
which have been subjected to load cycle 
tests and taken off before failure occurred, 
have shown scattered dendrites deep in the 
insulation without any trace of burning near 
the conductor and cables which have failed 
on such tests usually show scattered den- 
drites not connected in any way with the 
failure. Which is the more probable, that 
one of these island dendrites developed into a 
failure or that some dendrites form as islands 
and others as the result of corings? It 
seems simpler to assume one origin than two. 
Dr. Pohnan’s procedure may help us to get 
the final answer to this. However, one 
caution is necessary in using his procedure. 
While it reveals voids, these may not be the 
result of poor impregnation, but of loose 
taping. 

The movement of the region of maximum 
stress is very clearly shown in a paper by E. 
Pugliese,? where it is shown as an extreme 
case, that with direct potential, the re- 
sistivity grading of the insulation by con- 
ductor heating may even put the maximum 
stress at the outside of the insulation. Mi- 
gration of the region of maximum stress 
had also been pointed out by P. L. Hoover, in 
an AIEE paper? in which he used entirely dif- 
ferent premises and mathematical procedure. 
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R. W. Atkinson (General Cable Corpora- 
tion, Bayonne, N. J.): Pohnan’s use of 
fluorescence for studying impregnation and 
wax formation is very intriguing and it 
should have some practical uses. Indeed, it 
may develop into another one of the useful 
tools for cable examination such as styrene 
wafers, radial power factor, and overlay 
photography. The extent of its usefulness 
probably depends upon certain characteris- 
tics not fully described in the text. This 
discussion is directed toward developing 
some of these. 

It appears to this discusser that the 
method is not as sensitive as some other 
methods that have been used for measuring 
degree of impregnation. Pohnan speaks of 
completely impregnated solid-type cable. 
There is no such thing (at least not at, say, 
20 degrees centigrade). Other methods are 
available which will show both qualitatively 
and quantitatively the degree of this lack of 
jmpregnation. In the process of manufac- 
ture a solid-type cable will usually be com- 
pletely impregnated at some temperature 
considerably above 20 degrees centigrade. 
When subsequently cooled, the contraction 
of the compound will leave a space of 1 per 
cent of the oil volume for approximately 
each 14 degrees reduction in temperature. 
Moreover, after any subsequent heating 
(say to operating temperature, or even ex- 
posed to the sun in the storage yard on a 
hot day) the compound will expand and come 
out from the insulation and, in general, will 
not return. Therefore, if Pohnan’s method 
has, in any case, appeared to indicate com- 
plete impregnation, it seems to lack the 
sensitivity which is obtainable by other 


means. It would be helpful to know the re- 
sults of direct comparison with these 
methods. 


From another standpoint, it appears that 
the method, inherently, might indicate dif- 
ferences in degree of impregnation when no 
such differences exist. It is understood that 
the density of the photographic negative 
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produced by this method is a function of the 
amount of saturant adhering to the surface 
of the tape being photographed, and that 
the perfection of impregnation is judged by 
this density. But the thickness of the oil 
film is a function not only of the degree of 
impregnation but also of the radial distance 
between tapes. The latter may vary con- 
siderably in the same cable and even circum- 
ferentially in a single layer. Thus the den- 
sity of the negative—or the whiteness of the 
print from it—is, by no means, a simple 
measure or indicator of perfection of im- 
pregnation. What is measured (approxi- 
mately) is the total oil on the surface and 
not, as desired, how much that quantity 
differs from what would exist with complete 
impregnation. It will be helpful to know to 
what extent this comment affects the use- 
fulness of Pohnan’s method. 

It is pertinent to indicate some of the 
other methods that have been used for 
indicating saturation. One widely used and 
probably the simplest is based on visual 
examination as the tapes are unwound layer 
by layer. Where air spaces exist under a 
tape, spots of lighter color appear. This 
method is a very quick and convenient way 
of showing roughly the completeness of 
saturation and, as contrasted to Pohnan’s 
method, its indications are of the depar- 
ture from complete impregnation, not of 
total oil present. However, the method 
has the various inaccuracies and difficulties 
in use that Pohnan has outlined for visual 
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methods. Moreover, it is difficult to avoid 
false indications as a result of admitting air 
while the sticcessive tapes are unwound. 
Another method is by unwinding the tapes 
under oil, which makes it possible te see any 
air bubbles that are freed and rise to the sur- 
face as the tapes are unwound. It is even 
possible to catch these bubbles and measure 
their volume. The unwinding under oil is 
tedious and messy and suitable only for 
special investigations. These, or some of 
the various other older methods could be 
used in comparison with Pohnan’s method 
to evaluate it more definitely and to deter- 
mine what use it may have as a practical 
tool. 

Pohnan’s method does not have some of 
the limitations of the older methods of 
measurement of impregnation and thus 
may have important uses for this purpose in 
spite of its own apparent limitations. Aside 
from this use, Pohnan’s method seems to 
have particular adaptability to the measure- 
ment of ‘‘wax’’ formation. 


C. E. Betzer (Commonwealth Edison Com- 
pany, Chicago, Ill.): The illustrations pre- 
sented in the paper reveal in striking manner 
the voids and deterioration due to ionization 
in high-voltage cable insulation. The tech- 
nique of photographing under ultraviolet 
light has been nicely developed. 

In the paper it is stated that previously 
the extent of voids and degree of deteriora- 
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tion has been determined by judgment of 
the person who examines the insulation. It 
should be noted that with this use of ultra- 
violet light, this is stillthe case. Such light 
reveals the condition of the insulation more 
clearly than ordinary light, but does not 
provide a quantitative measure of the de- 
gree of saturation or extent of deterioration. 

Figure 6 is said to be a sample of new 
cable, and it is stated that some of the voids 
have a tree-like shape. It appears’ to me 
that the tree-like figures in this illustration 
are of the fine-line type that is produced by 
electrical discharges. They are also con- 
fined to the apex of a sector conductor 
where such discharges generally originate in 
3-conductor cable. An attempt was made 
to learn more about the history of that cable 
shown in Figure 6, but it could not be 
identified in the records left by Mr. Pohnan. 

About 25 years ago, ionization in void 
spaces was a serious problem which was 
impeding the use of higher-voltage cables. 
Now, marked improvements have been 
made in the manufacture of solid-type cable 
and thorough impregnation of the insula- 
tion with a stable oil has become common 
practice. Also, other types of cable have 
been developed in which ionization is sup- 
pressed by oil or gas under pressure. Fail- 
ures in service due to deterioration of the 
insulation now are a small percentage of the 
troubles in operation, and are almost en- 
tirely in the cables that were made over 20 
years ago. 
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10,000-Mva 230-Kv Low-Oil-Content 
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Synopsis: This paper describes field ac- 
ceptance tests made on the 230-kv 10,000- 
mva (megavolt-ampere) impulse circuit 
breaker switching units furnished for the 
new Right Switchyard at the Grand Coulee 
Dam power plant. Details of the circuit 
breaker design are followed by a description 
of a successful series of line dropping and 
fault tests made on a single pole circuit 
breaker unit to observe its performance up 
to rating and to determine the capabilities 
of the circuit breaker for higher short circuit 
duties which will be available at this loca- 
tion in the near future. Line dropping 
tests were made up to a maximum of 300 
line-miles without restrikes and, therefore, 
without abnormal overvoltages. Seven 
fault tests were made at full station capacity 
with short circuit duties up to 12,000 mva, 
with interrupting times ranging from 1.75 to 
3.0 cycles, and with reclosing times of 9 
cycles. The condition of the contacts and 
oil at the end of the test indicated that a 
substantial number of additional tests could 
have been made without replacement. 
There was no distress on any test and no 
trouble developed with any mechanical 
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The long range planning of the engineers of the 
United States Bureau of Reclamation, the Bonne- 
ville Power Administration, and the General Elec- 
tric Company, who made possible these high 
capacity field tests and the development of 10,000- 
Mya circuit breakers, is to be commended. The 
asstirance created by the successful experience on 
these several series of high capacity field tests has 
done more than anything else to establish high 
Capacity circuit breakers in this most important 
field of power transmission. 
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Operations or breaker parts. These tests 
together with factory laboratory tests indi- 
cate the suitability of the 10,000 mva inter- 
rupting rating for this design of low-oil-con- 
tent impulse circuit breaker and the possi- 
bility of building similar circuit breakers for 
higher ratings when the requirement arises. 


N the spring of 1947 a field test program 
was inaugurated at Grand Coulee 
power plant for the development of ultra- 
high interrupting capacity 230-ky 3- 
cycle 20-cycle reclosing oil circuit break- 
ers. These tests have been described in 
previous papers.'* The first tests were 
made on existing designs having a maxi- 
mum interrupting rating of 3,500,000 
kva. The test results exceeded expecta- 


Figure 1. 


tions and demonstrated interrupting 
capabilities well above the nameplate 
rating. Manufacturers were, therefore, 
willing to undertake the development of 
10,000,000-kva interrupting capacity cir- 
cuit breakers based on existing designs. 
Although, as previously reported, it 
was known that the maximum short-cir- 
cuit duty at Grand Coulee power plant 
would ultimately exceed 10,000,000 kva, 
it was the opinion of the manufacturers 
that an increase in one step from 3,500,000 
kva to more than three times existing in- 
terrupting ratings represented the maxi- 
mum increase in capacity that should be 
undertaken in one development program. 
Tests made in the following years pro- 
vided additional experience and data for 
the proposed designs,’ and helped greatly 
in evolving the final 10,000,000-kva cir- 
cuit breaker. During this entire period, 
additional generating units at Grand 
Coulee power plant and interconnecting 
transmission lines of the Bonneville 
Power Administration were put into serv- 
ice thus increasing the short-circuit cur- 
rent available. This was made use of in 
the succeeding test series to place more 
duty on the circuit breakers under test. 
This paper discusses the 230-kv field 
acceptance tests conducted in the fall of 


Grand Coulee Dam and power plant will have ultimate installation in 1951 of 


18 120,000-kva generators, the largest hydroelectric power installation in the world 
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1950 and describes the 10,000,000-kva 


interrupting capacity circuit breakers 
which were developed and built for the 
230-kv Right Switchyard at Grand 
Coulee power plant. The successful per- 
formance of these circuit breakers under 
test have provided the system planning 
engineer with a new tool for use in laying 
out ultrahigh capacity, high voltage, 
generation and transmission systems. 
Users now are assured that ultrahigh 
capacity circuit breakers are feasible and 
from laboratory and field test data al- 
ready obtained, manufacturers are con- 
fident that the 10,000,000-kva circuit 
breaker design can readily be extended to 
15,000,000 kva. 


GRAND COULEE POWER PLANT 


Grand Coulee is the largest hydroelec- 
tric power development in the world and 


Figure 4. Increase in 
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megavolt-ampere 
capacity at Grand Coulee power plant with increased capac- 
ity and growth of Bonneville Power Administration trans- 
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Figure 2 (left). 


RIGHT POWER PLANT 
AND 230 KV 


SWITCHYARD Figure 3 (above). 


is an integral part of the Columbia Basin 
Project! of the United States Bureau of 
Reclamation. 

The Grand Coulee power plant consists 
of two identical powerhouses located on 
opposite sides of the Columbia River as 
shown in Figure 1. Each powerhouse 
contains nine 120,000-kva generators. 
The last three of the ultimate 18 gen- 
erators now are being installed in the 
Right Powerhouse and will be placed in 
operation before the end of 1951. The 
power plant is near the electrical center 
of the Northwest Power Pool which now 
has a capability of over 5,000,000 kva. 
Grand Coulee is connected to the North- 
west Power Pool through the transmission 
facilities of the Bonneville Power Ad- 
ministration. 

A unit system wherein each generator 
is connected directly to its associated 


fault 


Schematic diagram of 230-kv solid-ring bus for Grand 
Coulee power plants and parallel line connections to transmission system 
of Bonneville Power Administration 


230-kv Right Switchyard at Grand Coulee showing 
2,500,000-kva generator circuit breakers and 10,000,000-kva trans- 
” mission line and bus tie low-oil-content impulse circuit breakers 


transformer bank, without a generator- 
voltage circuit breaker, and with all 
switching and bussing being accomplished 
on the high-voltage side at the 230- and 
115-kv switchyards is used at Grand 
Coulee for the transmission system. How- 
ever, six of the nine generators in the Left 
Powerhouse are arranged to drive the 12 
65,000-horsepower irrigation pumps in 
the Grand Coulee pumping plant which is 
located adjacent to Grand Coulee Dam. 
Each generator will operate two pumps 
through a generator-voltage bus between 
the powerhouse and the pumping plant. 
Any excess generation not required for 
pumping will be supplied to the com- 
mercial load by operating the generators 
and pumps in parallel with the trans- 
mission system. 


SoLip 230-Kv Rinc Bus 


The tremendous concentration of over 
2,000,000 kva at Grand Coulee presented 
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Figure 6 (left). 
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The effect of the transmission 
line on the D-C time constant, 
which has been neglected, 
will further reduce breaker 
duty. 


line length on HOUSING 


circuit breaker 

duty at Grand ole 

Coulee — switch- Brerey 
yards . 


COLUMN 


3-PHASE FAULT-MVA. 


--EXPOSURE TO FAULTS IN 
EXCESS OF 10,000 MVA. 


Figure 8 (right). 
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an outstanding problem to determine the 
ultimate bussing arrangement for Grand 
Coulee power plant. Circuit breaker in- 
terrupting capacity, system stability and 
relaying, simplicity and operating flexi- 
bility and cost were all important factors 
in the final selection of a solid 230-kv ring 
bus. A complete discussion of this bussing 
arrangement was given in an earlier 
paper.® A schematic diagram of the solid 
-230-ky ring bus at Grand Coulee and the 
interconnecting transmission lines of the 
Bonneville Power Administration are 


shown in Figure 2. Selection of a solid 
bussing arrangement necessitated the de- 
velopment of ultrahigh interrupting ca™ 
pacity circuit breakers rated at 10,000,000 
kya and 3 cycles. 


Because of system 


: 
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Cross-section of 
complete single 
pole 10,000- 
mva 230-kv low- 
oil-content —im- 
pulse circuit 
breaker showing 
various elements 


operating conditions the circuit breakers 
were specified to have no derating factor 
for one 20-cycle reclosure. 

A low oil content impulse circuit 
breaker has been developed for these 
severe requirements and this design has 
been a part of the field testing program 
mentioned previously. 


1. Tests were conducted in 1947 on an ex- 
isting 38-cycle 3,500,000-kva nonreclosing 
impulse circuit breaker. Short circuits up 
to 7,000,000 kva were interrupted success- 
fully with no signs of distress.?'4 


2. Tests were conducted in 1948 on a 3- 
cycle 360-kv low oil content impulse circuit 
breaker designed for the 500-kv experimen- 
tal Tidd Line of the American Gas and 
Electric system.® This circuit breaker was 
designed for high-speed reclosing and in- 


Figure 7 (left). 
10,000-mva 230- 
kv low-oil-con- 
tent impulse cir- 
cuit breaker 
switching unit in- 
stalled in the 
Right Switch- 
yard at Grand 


Coulee Dam 


Figure 9 (right). 
Air operator for 
single-pole  cir- 


cuit breaker 
unit showing 
operating unit, 


compressed air 
system, and con- 
trol accessories 
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corporated design changes for the higher 
interrupting ratings. Short circuits up to 
8,600,000 kva were interrupted successfully 
and again there were no signs of distress. 
Instantaneous reclosing was proved feasible 
with successful operation up to station 
capacity and reclosing times of 8.5 cycles.*® 

These two series of tests were largely 
responsible for the successful development 
of the 10,000,000-kva circuit breakers now 
installed in the new 230-kv Right Switch- 
yard at Grand Coulee. 


230-Kv RiGHT SWITCHYARD 


All of the 230-kv circuit breakers in the 
Right Switchyard are of the low oil con- 
tent impulse-tvpe as shown in Figure 3. 
The ultimate installation will consist of 
16 10,000,000-kva circuit breakers in the 
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Figure 10. Test connections for 230-kv circuit breaker line-dropping and fault tests at Grand 
Coulee power plant 


bus tie and line positions, and nine 
2,500,000-kva circuit breakers in the 
generator positions. The low oil content 
impulse circuit breaker has an excep- 
tionally fine record of interrupting per- 
formance gained over the past 15 years 
on a number of units installed on the 
Pacific coast. This includes: 


1. A minimum of oil and contact deterio- 
ration resulting in reduced maintenance. 


2. Interruption of line charging currents 
without restriking which is considered neces- 
sary to minimize overvoltages which may 
result under this type of operation. Low- 
oil-content impulse circuit breakers made it 
unnecessary to install an oil piping system 
and permanent oil handling equipment in 
the switchyard such as is required for 230-kv 
conventional dead-tank-type circuit break- 
ers, and, therefore, considerable economies 
were possible in the switchyard layout. 


This is the first large high-voltage 
switchyard with no permanent oil piping 


and handling facilities consisting entirely 
of low oil content impulse-type circuit 
breakers. The operating performance and 
maintenance record of these 25 230-kv cir- 
cuit breakers will be watched with more 
than usual interest by the industry. This 
is especially true since the transmission 
lines from Grand Coulee are not provided 
with overhead ground wires and the line 
circuit breakers will be required to in- 
terrupt more than the usual number of 
faults during the lightning season with 
high-speed 20-cycle, or faster, reclosing 
operations. 


ULTIMATE Fautt Duty 


As mentioned previously, the ultimate 
calculated fault duty as the Grand Coulee 
230-kv switchyards will exceed 10,000,000 
kva and will approach 15,000,000 kva. 
The increase in both symmetrical and 
asymmetrical fault capacity with installa- 


Figure 11 (left). 
Circuit breaker units 
as installed at Grand 
Coulee Dam switch- 
yard for field tests, 
The interrupting test 
circuit breaker is on 
the left, and the 
closing test circuit 
breaker is on the 
right 
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tion of additional generating units at 
Grand Coulee and additional lines, gen- 
erating capacity, and interconnections on 
the transmission system of the Bonne- 
ville Power Administration is shown on 
Figure 4. These values are based on a 3- 
phase fault at the Grand Coulee 230-kv 
switchyard bus with all generators and 
pump motors in operation, all transformer 
neutrals solidly grounded, and all trans- 
mission lines in. service with maximum 
back-feed to the fault. 

Although 15,000,000-kva is the maxi- 
mum calculated 3-phase fault that could 
occur under the worst conditions on the 
ultimate system, actual experience to 
date from system records for years 1944 
to 1951 show that only 6 per cent of the 
faults exceed 70 per cent of the maximum 
fault capacity available. Fifty per cent 
of the faults involved less than 21 per cent 
of the maximum fault capacity available. 
A comparison of actual circuit breaker 
duty with the maximum calculated fault 
capacity available is shown on Figure 5. 


Figure 12. The synchronous control unit 

used to obtain accurate timing control of both 

the fault application and the tripping of the 
test circuit breakers 
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Figure 13. 
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The rapid reduction in circuit breaker 
duty as the fault is removed from the 230- 
kv switchyard bus out on the transmis- 
sion lines is shown in Figure 6. The addi- 
tion of only about 2 miles of transmission 
linereduces the maximum fault to 10,000,- 
000 kva, while 1 mile reduces the fault to 
12,000,000 kva. Calculations further 
show that for a fully offset asymmetrical 
wave the maximum single line-to-ground 
fault 1 mile from the 230-kv switchyard 
is less than 12,000,000 kva. The trans- 
mission lines from Grand Coulee are pro- 
vided with overhead ground wires ex- 
tending approximately 1 mile from the 
230-kv switchyard, and there is only a 
remote possibility of a fault occurring in 
this protected area. 

Therefore, there would appear to be 
little, if any, probability of an actual fault 
occurring which exceeds 12,000,000 kva, 
and the field tests reported herein, to- 
gether with laboratory tests have demon- 
strated that the 10,000,000-kva circuit 
breakers have considerable margin above 
their nameplate rating. 


Description of Circuit Breaker 


The 10,000-mva impulse circuit breaker 
is part of an integrated switching unit 
which includes the complete 3-phase 
circuit breaker with current transformers, 
two sets of 3-pole isolating disconnecting 
switches and the necessary supporting 
structure. Figure 7 shows the circuit 
breaker installed in the Right Switch- 
yard. The circuit breaker consists of 
three single-pole units electrically inter- 
locked for proper co-ordination. This de- 
sign is, therefore, suitable for single pole 
teclosing. Current transformers of the 
conventional bushing-type are mounted 
on through-type bushings which are in- 
tegral with the disconnecting switches. 
Twelve separate bushing transformers can 
be accommodated on each switching unit. 
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Oscillogram of test LD-24 showing the interruption of 
charging current of 300 miles of 230-kv transmission line in 1.7 cycles. 
This is typical of the 23 line dropping tests that were made without any 


The bushings are of the sealed-type, 
similar to those widely used on tank-type 
oil circuit breakers. Capacitance tap out- 
lets for voltage indication are provided. 
The disconnecting switches use high 
pressure silver-to-silver contacts and are 
operated manually. The structural steel 
framework provides a mounting for all the 
above mentioned parts. 

The circuit breaker has the following 
ratings: 


Interrupting yas -ueeere. nw JO;000, inva 
25,000 amperes at 230 kv 
26,000 amperes at 220 kv 
Short time..... 42,000 amperes, momentary 
26,000 amperes, 4 second 
Continuous... nanicsua tee ane 1,000 amperes 
Basic impulse insulation level.......900 kv 
Interrupting time.................0 cycles 
RECOSI CUEING Res Atenarataeaiare rel ci fs 10 cycles 


Although the features of the impulse- 
type circuit breaker have been included in 
previous papers, it is considered desir- 
able to review them briefly. 

Each of the single pole units, shown in 
Figure 8, consists of the following ele- 
ments: a horizontal interrupting element, 
a vertical supporting column, an insulator 
support, and a pneumatic operating mech- 
anism. The operating mechanism is used 
for closing and opening of the contacts and 
to charge the springs in back of the oil 
piston, which is instrumental in causing a 
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Figure 14. Oscillogram of test SF-9 showing the interruption on a re- 
closing duty cycle of approximately 8,500 mva with interrupting times 
of 1.66 and 2.67 cycles and a reclosing time of 9 cycles 


flow of high dielectric insulating oil be- 
tween the moving and the stationary con- 
tacts on every opening operation. 

The interrupting element consists of a 
mechanism box and a porcelain clad as- 
The 
contacts consist of five sets of moving 


sembly which houses the contacts. 


and stationary contacts arranged in a 
series line and operated by a linkage in 
the mechanism box. The oil piston, 
located in the mechanism box and charged 
on every closing operation, is released as 
the circuit breaker starts to open and 
causes an oil pressure to be built up in the 
interrupting unit. By suitable means, 
this oil under pressure is directed into the 
arcs drawn between the moving and sta- 
tionary contacts and exhausts into an ex- 
pansion chamber. This positive oil flow 
results in early arc interruption under all 
conditions of operation whether de-ener- 
gizing a long transmission line or inter- 
rupting fault current. 

The vertical column houses the insula- 
tion operating rod connecting the linkage 
of the mechanism box to the air operator. 
This column consists of an inner paper 
wound tube and an outer porcelain en- 
closure. The entire assembly is filled with 
insulating oil. 

In the case of both the horizontal in- 
terrupting element and the vertical 


column, the heavy walled impregnated 
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Figure 15, Oscillo- 

gram of test SF-11 

showing the interrup- 

tion of 9,000 mva 
in 2.1 cycles 
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paper wound tubes take all pressures and 
loadings incurred during the operation of 
the circuit breaker under no-load and 
short-circuit conditions. The porcelain 
enclosures are supported so that vibra- 
tion is not transmitted directly to the 
porcelain, therefore, insuring adequate 
protection against the dangers of sudden 
shock loading which may result from the 
breaker operation. 

The air operating mechanism, Figure 9, 
which is of the pneumatically trip-free 
type, is a complete operating unit in it- 
self. Each pole unit operator has its own 
individual air compressor equipment and 
air storage tank. The operating cylinder 
of the mechanism is mounted directly 
under the vertical operating rod of the 
circuit breaker giving a direct straight 
line pull to close the circuit breaker, thus 
using the minimum number of moving 
parts and giving the most effective and 
economical use of the energy applied for 
closing. 

The complete triple-pole circuit breaker 
uses approximately 700 gallons of oil for 
the various compartments of the hori- 
zontal and vertical columns. Only the oil 
adjacent to the contacts is subject to 
carbonization during circuit breaker in- 
terruptions and has to be removed for 
normal maintenance. When this oil, 
amounting to about 90 gallons per pole 


Figure 17. One of the moving contacts after the fault test series, 
showing only a small amount of deterioration after 14 tests 
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Figure 16. Osscil- 
logram of test SF-12 
showing the _ inter- 
ruption of 12,000 
mva in 1.55 cycles, 
a record for short 
circuit power inter- 
ruption 


unit, is drained off, the contacts are ac- 
cessible. This is the reason why exten- 
sive oil handling facilities are not re- 
quired for the Coulee Switchyard where 
it is planned to use portable storage 
facilities when a circuit breaker inspection 


is required. > 
Field Tests 


OBJECTIVES 


Since the ultimate installation and 230 
kv ring bus arrangement at the Grand 
Coulee Switchyard will present inter- 
rupting duties which may exceed 10,000 
mva, the test program was set up with a 
twofold objective: 


1. Demonstrate by full scale field tests a 
rating of 10,000 mva. 

2. Determination of circuit breaker capa 
bilities above rating for future needs. 

Test SETUP 

The test setup, in general, followed that 
used on previous tests and is described in 
detail in a previous paper.' Figure 10 
shows the test connections for the 230-kv 
circuit breaker line-dropping and fault 
tests at Grand Coulee power plant. 

Two single-pole impulse circuit breaker 
units were installed in the test location in 
the Left Switchyard at Grand Coulee 
Dam as shown in Figure 11. These were 


Figure 18. 
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two units destined for installation in the 
Right Switchyard and, therefore, were 
production circuit breakers. One unit 
was used as a closing circuit breaker to 
initiate the fault for opening test opera- 
tions and the other unit was used to in 
terrupt these faults. The second unit was 
used above for the closing-opening test 
operations. A single conductor test bus 
was connected to C phase of the station 
ring bus. 

All faults were single line-to-ground on 
C phase only and were applied directly to 
the switchyard ground mat. Some of the 
tests were made with a solid ground ap- 
plied directly to the test circuit breaker 
and others were made with an arcing 
ground fault obtained by flashing over a 
string of insulators. Pretripping of the 
test circuit breaker was used to obtain 
maximum fault current in the are by 
taking advantage of the fully offset first 
cycle of fault current and opening the 
contacts during this period. 


INSTRUMENTATION 


An integrated set of instrumentation 
equipment for circuit breaker field testing 
was used to obtain complete information 
on circuit breaker performance. This 
equipment consisted of three magnetic 
oscillographs, one cathode-ray oscillo- 
graph, and the conventional recording de- 
vices for obtaining records of current, 
voltage, travel, arc energy, and close and 
trip indications. In addition to these 
items, two special units were used: 


1. A synchronous control unit to obtain 
accurate timing of the fault application and 
the tripping of the test circuit breaker. 


2. A frequency modulation radio trans- 
mitting unit to obtain records of pressure 
transients in the interrupting unit. 


The synchronous control unit shown in 
Figure 12 provided closing, tripping, and 


One of the stationary contacts after the fault test series 
showing the small amount of deterioration after 14 tests 
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Table |. Single-Phase Line Dropping Tests 
at Grand Coulee Dam on 10,000-Mva 230- 
Ky Low Oil Impulse Circuit Breaker 


Charging Interrupting Arc 

Test Line, Current, Time, Length, 
No. Miles Amperes Cycles Cycles 

Peed... L00;).2).-'. OO winches: MB Seatsivas 0.05 
Pen... 1MD....... GO bees D 2b aa seis 0.05 
LD-3 phate ante aisle 66s Qt ss.,.2 6 2OR05 
penser LOO. sca BSit awit can 1.45 .0.03 
mo-> ,..100...... OS wertenc ste DSBS rircrercts 0.25 
fo-6 .. 200) 0)... Gods cele it ay eee eG 0.35 
oer ...200.......... NG stress sWarce BO) os cel 0.05 
ms) ..200....:. 1s a es DSO tees Os Le 
8 2000... .: Otay Da 1.45 0.25 
ED-10...200...... UG os. Alias ae WAG cease Oneo 
mp-1t:..200...... MUG. estas sa PABO ae ri 0.40 
1129 a This test was not made 
IBD=13.. .300...... GAY Fhe tok 1.30.. ..0.15 
Pp-14....300...... a L302: pO kes 
LD-15...300...... 1, ee 1.45.. ..0.25 
WD=16),...800...... MG Ginnie: ouite te,» 1.45.. + 20.20 
Daly.) 800...... MGT svelretars Peabo et 0.25 
219-18, -.300...... 1 one UEC! Be eter 0.40 
io-19...300...... ay. Ue des 1.65 . 0.50 
ED-20...300...... ye eee ae 1.60 . 0.40 
M21. ...300...... oe aie Ueickestese BGO) ie cares 0.40 
i-22...300.:.... RUG) i eee es INOOLN es cet 0.40 
1D-23...300...... TGS s Penis Aeh5ins. 25.025 
p24. ..300...... ay Seca ee Ley UReecebe 0.50 


Avetage 1.46 


All tests at 237 kv. No restrikes were obtained on 
any of the above tests. 


reclosing of the test and closing circuit 
breakers at accurately predetermined 
points. With this equipment it was pos- 
sible to select points on the voltage wave 
to obtain the maximum offset of the fault 
current and to associate contact parting 
with current zeros. The synchronous con- 
trgl circuit is a 7-channel timer supplying 
- 125 volts of direct current to the closing 
and tripping coils at predetermined in- 
tervals. Each channel can be set inde- 
pendently to fire at any desired point of 
any cycle of a reference voltage wave 
within the range of 1 to 50 cycles after the 
closing of the contacts which start the 
oscillograph motor. The desired cycle 
can be selected by a synchronously driven 
telemetering switch that picks up a new 
contact each cycle and the desired firing 
point on the cycle is selected by a 360- 
degree phase shifter. 
The pressure measurements on the 
energized interrupter unit were obtained 
with a transient pressure recorder that 
provided 230-kv isolation by frequency 
modulation radio transmission of the 
pressure data from a capacitance-type 
gauge on the circuit breaker to the oscillo- 
graph in the control room. Mechanical 
peak pressure crusher-type gauges also 
were used. 
_ Measurements of contact travel on the 
solidly grounded faults were taken with a 
_ 2,000-cycle inductive bridge-type travel 
recorder. Isolation of the oscillograph 
connections was obtained by mechani- 
cally coupling the recorder to the con- 
. tacts with a long insulation rod. On the 
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Table Il. Single-Phase Fault Tests at Grand Coulee Dam on 10,000-Mva 230-Kv Low Oil 
Impulse Circuit Breaker 
Bussing Duty Rms Amperes Equiv. Inter., Reclosing 
Test No. Arrangement Cycle Ky Interrupted 3-Phase Mva Time, Cycles Time, Cycles 
HRs pintkian 1 Gen. Oo oaks ads 1 570548. sae. CaO ir ata 1.73 
Ne a acetate 8G & 7L Or Cy PE 230 Rte 15: 700 neree ae 6440 ce sarees AGO ee a as apni 24 
‘S) Es See BAe 8G & 7L CO eo Dhyaere i 16) 400 car GS G60 are vcrerene 2.11 
Sao cn. 8G &7L... Oo PE2OO sole 21,700 $8803. aoe. 1.72 
SF-5f ..... 8G & 7L. «. Oo ZOOS ee LS, TOOL a) ehh ote SE S8O care cleious Me Aiverk. Sexier emneoo 
Inst. + Ct 
SF-6A ...:. 8G &7L... Oo 1.2300. 16: 000.7% We GeOZO sce 1.65 
Inst. COT. .236....., 2: SOOn seas BCA auanctare SHOU a. Paws at aie 9.1 
& (OE eh ON So Feige ZO, B00 2 wateeree OO marc WT OGittrair cats ane ete 23 
& a3 co CLOUD | elere 20;,500;. << ets.as BROOO Sse ede 2.18 
SF-9A...... 13G &7L... Oo ser AOO vy agsucs 20), 000.5 sistas 84005 cies wns 1.66 
RRS ERES Ties bh ps pov sieve ara S78 Inst.+-COfT. .236..... ZY OOO... ccs. SGO0 se cee ens DO lone terscles 9.0 
SEELO* Gis 13G & 7L... Oo 2ST areeks 22,000....... DO OOO Reece 1.88 
Ss Ihe ee 13G & 7L... Oo mer Bile ace ZA SOO. mle» 9, OOO. seein 2.10 
SF-12* 13G & 7L.... O Ore Yan rice PATER OSS Sensi U2 000 Se. card. 1.55 


{Fault cleared before circuit breaker reclosed. 


*Tests which were pretripped: 
11, and 12—solidly grounded faults. 


line dropping and arcing ground faults the 
travel recorder was replaced by a contact 
position indicator which transmitted the 
point of parting by frequency modulation 
radio to the oscillograph. 

Voltage records were obtained with the 
aid of capacitance dividers and recorded 
on cathode-ray and magnetic oscillo- 
graphs. 

Current was recorded on all three 
magnetic oscillographs in the conven- 
tional manner using a bushing-type cur- 
rent transformer. 

The instrumentation proved highly 
successful. Extensive data of a very 
accurate nature were obtained. In ad- 
dition, the synchronous control unit gave 
such close control over the closing and 
tripping of the fault and test circuit 
breakers and such accurate control of the 
contact separation of the test circuit 
breaker at the time the fault was ap- 
plied that every test was takefi under the 
most severe operating conditions. 


Test PROGRAM 


The test program over the week of 
September 17-24, 1950 was planned to 
cover both line dropping and fault inter- 
rupting tests.. A total of 24-line dropping 
tests was scheduled on 100, 200, and 300 
line-miles having charging currents of ap- 
proximately 70, 150, and 200 amperes 
respectively. Twelve system fault tests 
were planned utilizing 1, 8, and 13 gen- 
erators respectively and the seven inter- 
connecting lines of the Bonneville Power 
Administration. 

The line dropping tests were made on 
Midway Line Number 1 with it con- 
nected to the system. Tests LD1-LD6 
were made on phase C and represented 
100 line-miles. Tests LD7-LD12 were 
made on phases B and C in series and rep- 
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Tests No, 1, 2, 3, 4, 5, 7, and 8—arcing ground faults. 


Tests No. 6, 9, 10, 


= 


resented 200 line-miles. Tests LD13- 
LD24 were made on phases A, B, and Cin 
series and represented 300 line-miles. 

On the fault interrupting tests, test 
SF-1 was an opening test on an arcing 
ground fault with one generator (L5) on 
the bus. Tests SF-2 through SF-5 were 
arcing ground faults made with eight 
generators and seven lines and consisted 
of one opening test, one open-close test, 
one close-open test and one reclosing test 
with 9-cycle reclosing time. Test SF-6 
was a 9-cycle reclosing test on a solidly 
grounded fault with eight generators and 
seven lines. Tests SF-7 and SF-8 were 
made on an arcing ground fault with 13 
generators and seven lines. One of these 
was an open-close test and the other was a 
close-open test. Tests SF-9 through SF- 
12 were made on a solidly grounded fault 
with 13 generators and seven lines. Three 
of these were straight opening and one 
was a 9-cycle reclosing test. 


Test RESULTS 


The 23 line dropping tests interrupted 
the charging currents of from 100 to 300 
miles of line. There were no restrikes on 
any test and the maximum interrupting 
time was 1.70 cycles with an average of 
1.46 cycles. Arcing times varied from 
0.05 to 0.50 cycle. Table I lists these 
results. Figure 13 is a record of test 
LD-24. 

There were 14 interruptions on the 
fault test series listed in Table II. Two 
open-close tests were made with 23 cycles 
reclosing time primarily to check the 
mechanical operation of the citcuit 
breaker on closing back in. 

Arcing ground tests covered a range of 
630 to 8,830 mva with interrupting times 
from 1.66 to 2.18 cycles. One reclosing 
test was made with 10.3 cycles reclosing 
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time, and the reclosure was successful. 
There was a deionized time of 8.5 cycles 
on this test. 

On the solidly grounded fault tests, 
5,200- to 12,000-mva faults were inter- 
rupted with interrupting times of 1.55 to 
3.0 cycles. Two reclosing tests were made 
with 9.0 cycles reclosing times. The last 
three opening tests were pretripped to ob- 
tain the maximum current in the arc. 
Figures 14, 15, and 16 are oscillographic 
records of tests SF9, SF11, and SF12. 

All fault tests were successful with no 
noticeable ground shock or emission of gas 
or oil through the vents except on test 
SF11 when there was a slight ground 
shock and some gas and vaporized oil 
emitted through the vent and the travel 
recorder connecting rod seal. 

An inspection of the circuit breaker and 
contact parts made at the completion of 
the tests showed that no parts had been 
damaged. There was only slight burning 
on the contact surfaces which are of arc 
resisting material. There was slight ero- 
sion of the fiber port blocks where the oil 
flow had impinged the are. The oil 
tested 27 kv and was somewhat darkened. 
Carbon deposits were noticeably absent. 
Figures 17 and 18 show a representative 
set of contacts. 


SUMMARY OF TESTS 


The results of the line dropping tests 
parallel those of previous field tests and 
indicated that the impulse-type circuit 
breaker is particularly fitted to handle the 
conditions when long high-voltage trans- 


mission lines have to be taken out of ~ 


service. The absence of restrikes can be 
attributed to the large volume of oil 
which is passed between the moving and 
stationary contacts during capacitance 
switching. Even with extremely short- 
contact separation, this oil of high di- 
electric strength is sufficient to prevent 
restriking as the voltage builds up. 

The performance on the fault tests in- 
dicated that the circuit breaker could 


handle satisfactorily short circuit condi- 
tions equal to its rating. The last seven 
interruptions with the full capacity of the 
power plant and all connected lines with 
fault duties of 8,350 to 12,000 mva gave 
the circuit breaker an opportunity to dem- 
onstrate its interrupting ability. 

The fault current interrupted on the 
last test and representing the greatest 
amount of short circuit power ever in- 
terrupted resulted from pretripping to ob- 
tain maximum current in the are. This 
test, together with the previous six tests 
under more normal conditions, would 
certainly permit the conclusion that the 
circuit breaker proved its rating. The 
small amount of deterioration of the con- 
tacts and oil also indicated that many 
more full capacity faults could have been 
interrupted before maintenance would 
have been required. _ 

The reclosing tests added further to the 
information regarding the ability of the 
impulse circuit breaker to interrupt two 
successive faults with a very short time 
interval between them. The impulse cir- 
cuit breaker had proved on previous tests 
that this could be done and additional 
confirmation was obtained on this series. 
There was no indication of additional 
severity on the second operation of a re- 
closing duty cycle and, in so far as the 
impulse circuit breaker is concerned, it 
would appear that no derating factors are 
required for this type of operation. On 
the arcing ground faults, special instru- 
mentation provided by the Bonneville 
Power Administration gave additional 
data regarding the required deionizing 
time for instantaneous reclosing on 230- 
kv lines. Test SF5 at approximately 
half circuit breaker rating showed that 
successful reclosure was obtained with 
approximately 8 cycles dead time. 


Conclusions 


1. The interrupting performance of 
the circuit breaker on these field tests to- 


“ 


gether with a wide range of factory labo- : 


ratory tests established the interrupting 
rating of 10,000 mva with no derating 
factor on 20-cycle reclosure as being well 
within the ability of the circuit breaker. 

2. The experiences gained from these 
field tests added to the already known 
characteristics of the impulse circuit 


breaker indicate that short circuit-duties _ 


above the circuit breaker rating could be 
handled with some margin of safety. 


3. The low-oil-content impulse circuit — 


breaker again proved that inherently be- 


cause of its principle of interruption and — 


its mechanical construction it is most 
suitable for the requirements of high- 
capacity high-voltage applications. Up 


to the present time, no line switching or — 
interrupting requirements associated with | 
this field have indicated the limit of circuit — 


breaker capabilities. 


4. It is believed that with a similar 


design, a low-oil-content impulse circuit 
breaker with an interrupting rating ot 
15,000 mva at 230 kv could be built 
successfully. 
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Discussion 


E. C. Starr (Oregon State College, Corvallis, 
Oreg.): Most of this discussor’s comments in 
connection with the Darland, Clagett and 
Leeds’ paper! presented at this session apply 
equally well to the present paper. The 
results of the co-operative efforts put forth 
by the Bureau of Reclamation, the Bonne- 
ville Power Administration, and several 
manufacturers have been most fruitful in 
improving circuit breaker excellence, 

The conditions necessary for relatively 
light as contrasted to heavy-duty fast in- 
terruptions are clearly illustrated in Figures 
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14, 15, and 16 of this paper. The arcing 
times are short for the three interruptions 
shown in Figures 14 and 16. In each case 
contact parting occurred in the latter half 
of the final major loop of an offset wave with 
interruption following the next minor loop. 
The travel record indicates that in none of 
these three interruptions (Figures 14 and 16) 
was there a simultaneous occurrence of 
high are current and wide contact separa- 
tion. Interruptions were completed at 
relatively close separations, particularly in 
the case of Figure 16 for which the recovery 
voltage rate was low due to the high degree 


of current offset. Relatively light duties 
are evident. 
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In sharp contrast, Figure 15 records a 
heavy-duty interruption with much longer 
arcing time. Contacts parted before the 
crest of the last minor current loop with 
interruption following the next major loop. 
Relatively wide contact separation coincided 
with the crest of this major loop and the 
ampere-inch product was high. Visual 
and aural observations unquestionably con- 
firmed the severity of this interruption and 
the authors state that this was the only 
interruption for which external evidence of 
stress was apparent. The oscillogram 
clearly shows the reason for this distinct 
difference, even though the interruption 
duty was rated at only 75 per cent of that 
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shown in Figure 16 which was obviously 
actually much lighter. This is in disagree- 
ment with the author’s statement that all 
tests were accurately timed for maximum 
severity. Again the need for revised rating 
standards and test codes is apparent. 

In spite of the discrepancies allowed by 
our rating standards, the tests reported in 
this paper, as well as those reported in the 
paper by \'parland, Clagett, and Leeds,} 
fortunately were carried far enough to ob- 
tain a few very heavy-duty interruptions 
and thereby to indicate the performance 
capabilities of these excellent breakers. 

An examination of Figure 16 indicates 
that careful timing of fault initiation and 
contact parting could probably result in 
even heavier breaker duty at Grand Coulee 
than any so far reported. In a forthcoming 
series of tests on the Bonneville Power 
Administration’s system, timing will be 
carefully controlled in an effort to obtain 
the maximum duties avilable at the test 
location. 
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Otto Naef (American Gas and Electric 
Service Corp., New York, N. Y.): This 
paper reveals an impressive increase in the 
interrupting rating of high-voltage circuit 
breakers, which for some time may be ex- 
pected to satisfy most requirements. No 
comparable development has taken place in 
the field of continuous current ratings. 
The breaker described is still rated only 
_1,000 amperes. 

Along with the short-circuit power the 
load currents of our networks increase 
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steadily. The protective margin between 
actual load and circuit breaker rating be- 
comes consequently smaller, increasing the 
danger of overheating as experience clearly 
demonstrates. While the transmitting cap- 
ability of most high-voltage lines is as yet 
hardly approached it probably will be in the 
future. Snow melting requires currents of 
the order of 1,400 amperes already today. 
In any case, it is undesirable that the per- 
missible loading of transmission lines be 
limited by the low continuous current rating 
of their circuit breakers. 

I should like to know, therefore, if rated 
currents in excess of 1,000 or 1,200 amperes 
are contemplated by the manufacturer, 
and if so, whether radical changes in the 
design of the contacts are necessitated 
thereby. 


H. Leyburn (Messrs. A Reyrolle & Co. Ltd., 
Hebburn Co. Durham, England): Being 
associated with a firm manufacturing switch- 
gear for voltages and circuit breaking capaci- 
ties of the order of those referred to in the 
paper under discussion, I should like to say a 
few words about questions that arisefrom the 
differences between the rating and proving 
practice in the United States and that in 
Great Britain. It is a pity that these dif- 
ferences exist and it is to be hoped that 
methods of rating and proving will soon be 
standardized internationally. 

The circuit breaking capacity rating 
assigned to a high-speed circuit breaker in 
the United States is usually much higher 
than it would be in Britain, because the 
d-c component is included in the rating 
whereas in Britain it is not. For example, 
the circuit breaker under discussion would 
probably be rated at less than 7,500 mva 
in Great Britain. 

In British practice, a test is included to 
prove the ability of a circuit breaker to in- 
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terrupt asymmetrical currents correspond- 
ing to the rated symmetrical current plus a 
d-c component not less than 50 per cent of 
the peak value of the a-c component. In 
contrast to the implications in the paper, 
however, which presumably reflects Ameri- 
can practice, such a test is not considered 
sufficient by itself to prove the circuit 
breaking capacity because, owing to asym- 
metry, the severity may vary considerably 
from test to test. For example, in Figures; 
14 and 16 of the paper interruption takes; 
place after a minor current-loop; and it has: 
been my experience that this condition is. 
easier than that of interruption after a 
major current-loop or with a symmetricak 
current. 

No mention is made in the paper of the: 
values of the rate-of-rise of recovery voltage: 
in the tests. The rate-of-rise may affect 
the ability of a circuit-breaker to clear, 
particularly in the case of the impulse cir- 
cuit breaker, because it is of the forced- 
blast type. 

In connection with the capacitance- 
current tests, it is reported that no over- 
voltages were observed. The ratio of line 
capacitance (that is the capacitance of the 
line being disconnected) to source capaci- 
tance, which governs the proneness of the 
system to generate overvoltages, is how- 
ever not given. With a low value of this 
ratio, overvoltages are not usually produced, 
no matter what the circuit-breaker does. 

Some of my criticisms illustrate the 
limitations of field tests and lead to the 
conclusion that many tests can be done more 
adequately in a powerful testing station 
where the test conditions can be more 
easily controlled. 

Although I have criticized certain aspects 
of the paper, I do not wish to disparage the 
useful work done by the authors and those 
associated with them, of which they justly 
can be proud. 
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“Interrupting Capacity Verification of 
10,000,000-Kva 230-Kv Oil Circuit 
Breakers for Grand Coulee Power Plant 


A. F. DARLAND 


FELLOW AIEE 


WELVE high-speed 230-kv oil cir- 

cuit breakers rated 10,000,000 kva 
interrupting capacity now are installed in 
transmission line and bus-tie positions of 
the left switchyard at the Grand Coulee 
power plant. The development of these 
important pieces of protective equipment 
has required extensive short-circuit test- 
ing both in a manufacturer’s high power 
laboratory and at Grand Coulee Dam. 
This paper covers the final stages of this 
development and describes in particular 
the field tests made in August 1950 to 
verify the circuit breaker interrupting 
capacity rating of 10,000,000 kva and to 
determine any possible margin above this 
figure. 


Grand Coulee Power Plant 


The engineering features of the hydro- 
electric development at Grand Coulee 
have been described in considerable detail 
before the Institute.'° Two separate 
powerhouses are arranged to house nine 
108,000-kva generating units each. It is 
expected that the last three of the 18 
generators will be instatled and in opera- 
tion before the end of 1951. An interior 
view of the nearly-completed right power- 
house with six generating units running is 
shown in Figure 1. 

Associated with the power plant de- 
velopment is an irrigation pumping plant 
consisting of 12 65,000-horsepower motors 
and pumps which will lift water from 
Lake Roosevelt into an extensive irriga- 
tion system in the Columbia Basin. 
Power for these pumps will be supplied at 
off-peak load periods from the first six 
generating units of the left powerhouse 
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through 5,000-ampere 13.8-kv busses and 
2,500,000-kva 
breakers. 


compressed-air circuit 


230-Kv Ring Bus 


All switching of main power circuits 
other than the pumping motors is done at 
high voltage by using a unit-system con- 
sisting of a generator and its associated 
transformer bank with bussing on the 
high side. Sixteen generators supply 
power at 230 kv, one generator supplies 
power at 115 kv, and one generator is con- 
nected to a 3-winding transformer with 
full capacity 115-kv and 2380-kv_ high- 
voltage windings. The diagram of Figure 
2 shows the main 230-kv ring bus and the 
sectionalized auxiliary bus. Circuit 
breakers rated 2,500,000-kva interrupting 
capacity at 230-ky connect to the main 
bus from each generating unit. How- 
ever, all of the line and bus-tie circuit 
breakers are rated 10,000,000 kva at 230 
kv with 3-cycle interrupting time. Fur- 
thermore these high interrupting capacity 
circuit breakers are capable of operating 
without any derating on 20-cycle re- 
closing duty. A more complete dis- 
cussion of this 230-kv solid ring bus and 
the operating flexibility which it provides 
has been given in an earlier paper by 
Holmdahl and Killgore.? 


230-Kv Left Switchyard 


All of the 230-kv circuit breakers in the 
left switchyard are of the conventional 
dead-tank type as can be seen by the 
general view shown in Figure 3. Six of 
the 10,000,000-kva circuit breakers were 
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rebuilt from older 3,500,000-kva circuit 
breakers with large 108-inch diameter 
tanks, while the six circuit breakers most 
recently installed (one of which is shown 
in Figure 4) are of the latest design with 
smaller 84-inch tanks of approximately 
one-half the oil volume. Two more line 
circuit breakers of this type are on order 
to fill all of the positions in the diagram of 
Figure 2. 

The United States Bureau of Reclama- 
tion has co-operated with the circuit 
breaker manufacturers on several pre- 
vious short circuit tests at Grand Coulee*4 
in order to assist in the development and 
verification of circuit breakers of inter- 
rupting rating beyond the capacity of high 
power laboratories to provide direct 
tests. The availability of extremely high 
short-circuit power from 12 generators 
and seven transmission lines connecting 
to the Bonneville Power System and the 
Northwest Power Pool for the tests de- 
scribed in this paper made it seem ad- 
visable to provide a special test bay 
several hundred feet from the main 
switchyard. One of the 230-kv bus sec- 
tions was isolated and connected to the 
test circuit breakers by a temporary 
single-phase transmission line as indi- 
cated in the diagram of Figure 5. One of 
the regular line circuit breakers in position 
J Y-19 served as back-up protection. 

By setting up two complete test cir- 
cuit breakers in what were designated as 
North and South positions in the test 
bay, it was possible to use one circuit 
breaker for closing in on the fault and the 
other to interrupt the short-circuit cur- 
rent. In order to separate the instru- 
mentation and power circuit grounds as 
far as possible, an insulated return circuit 
for the fault current was brought back to 
a solid ground at the center of the switch- 
yard. 

- | 
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Both cathode-ray and magnetic oscillo- 
graph records were taken of the voltage 
across the circuit breaker and on the bus, 
using coupling-capacitor voltage-dividers. 
The heavy short-circuit currents were 
measured by a laboratory-type 5,000-to-1 
current transformer mounted on, but in- 
sulated from, the ground lead. 


Ultimate Fault Duty 


As reported in previous papers” the 
ultimate fault duty at the Grand Coulee 
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Figure 1 (left). 
Right power 
plant at Grand 
Coulee with six 
generators in op- 
eration and the 
last three in proc- 
ess of installa- 
tion. This will 
complete the 
total of 18 
120,000 - kva 
generators com- 
prising the larg- 
est power plant 
in the world 


230-kv switchyards will approach 15,000,- 
000 kva. The increase in both symmet- 
rical and asymmetrical fault capacity 
with installation of additional generating 
units at Grand Coulee and additional 
lines, generating capacity, and intercon- 
nections on the transmission system of the 
Bonneville Power Administration is 
shown on Figure 6. These values are 
based on a 3-phase fault at the Grand 
Coulee 230-kv switchyard bus with all 
generators and pump motors in operation, 
all transformer neutrals solidly grounded, 
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Figure 2. Single-line diagram showing physical arrangement of 230-kv main ring and auxiliary 
bus for Grand Coulee power plant. Maximum flexibility is obtained by operating with a solid 
bus in spite of added fault interrupting duty on the circuit breakers 
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230-kv left switchyard at Grand 


Figure 3. 

Coulee showing 2,500,000-kva generator 

circuit breakers and 10,000,000 kva trans- 
mission line and bus tie circuit breakers 


and all transmission lines in service with 
maximum back feed to the fault. 

Although 15,000,000 kva is the maxi- 
mum calculated 3-phase fault that could 
occur under the worst conditions on the 
ultimate system, actual experience to 
date from system records for years 1944 
to 1951 show that only 6 per cent of the 
faults exceeded 70 per cent of the maxi- 
mum fault capacity available. About 
half of the faults involved less than 21 per 
cent of the maximum fault capacity 
available. A comparison of actual circuit 
breaker duty with the maximum cal- 
culated fault capacity available is shown 
on Figure 7. 

The rapid reduction in circuit breaker 
duty as the fault is removed from the 230- 
kv switchyard bus out on the transmission 
lines is shown in Figure 8. The addition 
of only about 2 miles of transmission line 
reduces the maximum fault to 10,000,000 
kva, while 1 mile reduces the fault to 
12,000,000 kva. Calculations further 
show that for a fully offset asymmetrical 
wave the maximum single line-to-ground 
fault 1 mile from the 230-kv switchyard 
is less than 12,000,000 kva. The trans- 
mission lines from Grand Coulee are pro- 
vided with overhead ground wires ex- 
tending approximately 1 mile from the 
230-kv switchyard, and there is only a re- 
mote possibility of a fault occurring in this 
protected area. 

Therefore, there would appear to be 
little, if any, probability of an actual fault 
occurring which exceeds 12,000,000 kva, 
and the field tests reported herein, to- 
gether with laboratory tests have demon- 
strated that the 10,000,000 kva circuit 
breakers have ample margin above their 
nameplate rating. 
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Figure 4. Tank-type 10,000,000-kva 3-cycle oil circuit breaker in- 
stalled in the 230-kv left switchyard at Grand Coulee Dam. This circuit 
breaker is capable of 20-cycle reclosing duty at full rating 


230-Kv 10,000,000-Kva Test 
Circuit Breakers 


herently adapted for the use of the con- 
venient through-type current transform- 
ers surrounding oil-impregnated and 
completely-sealed condenser-type bush- 
ings. 

High-speed 3-pole reclosing in less than 
20 cycles is accomplished with the single 
pneumatic-operating mechanism (Figure 
10) by tripping the circuit breaker initially 
with the main piston connected to the 
operating rod so that closing air pressure 
can be applied before the opening stroke 
is completed. When air is admitted to 


The two 3-pole tank-type 230-kv 
10,000,000-kva 3-cycle test circuit break- 
ers set up in the test bay are shown in 
Figure 9 illuminated by an arcing fault 
during a test at night. Details of the de- 
sign of these new high-power circuit 
breakers were described in a previous 
paper.’ It may be noted that the dead- 
tank construction not only provides 
mechanical ruggedness but also is in- 
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Figure 5. Diagram showing temporary connections to the special circuit 
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joining the 230-kv left switchyard at Grand Coulee Da Sa ae 
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Bonneville Power Administration transmission system 


the cylinder, the motion is reversed 
quickly and the contacts reclosed with a 
minimum of delay. If fault current is re- 
established and the circuit breaker tripped 
again, a mechanically trip-free latch, 
selected by a pressure-controlled transfer 
switch, is released so that opening of the 
contacts will proceed at high speed with- 
out the possibility of retarding action 
from residual air pressure in the operating 
cylinder. 

A view (Figure 11) through the side 
manhole in one of the tanks shows the 
heavy-duty contact assemblies with the 
bridging contact in the fully open posi- 
tion. The operation of one of these 
highly-effective multiflow interrupters is 
illustrated in the sectional view of Figure 
12.  Self-generated pressure from a 
series-connected arc in the top chamber 
drives oil through the multiorifice arc de- 
ionizing structure with such effectiveness 
that only one pair of contact breaks per 
terminal is required to interrupt the en- 
tire range of short-circuit currents within 


the rated time of 3 cycles from trip energi- 


zation to are extinction. Supplementary 


spring-driven pistons provide positive oi] _ 
flow in the low-current range associated _ 
with the opening of transmission-line — 
charging currents which are cleared con- | 
sistently with almost complete absence — 


of delayed arc reignitions. 


Line-Dropping Tests, August 18, 
1950 


) 


The importance of prompt extinction of © 


the arc when de-energizing unloaded 


transmission lines to avoid the possibility _ 
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Increase in 3-phase megavolt-ampere fault capacity at Grand 


Table I. Grand Coulee Field Tests on 230/196-Kv 10,000,000-Kva Oil Circuit Breaker of hazardous overvoltages is well-known, 
Line Dropping Tests, August 18, 1950 and the phenomena involved have been 
treated extensively in the literature. A 
; Interrupted Interrupting Overvoltage demonstration of the ability of these large 
Film Line Current, Time, % Normal f ree cate Hanidte 1 7 ‘ 
No. Test No. Voltage, Kv Amperes Cycles Crest (CRO) circuit breakers to handle line-charging 
current effectively was therefore included 
74305- in the schedule of tests at Grand Coulee 
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Figure 7 (bzlow). Comparison of actual c‘rcuit breaker duty with 
maximum calculated fault capacity at Grand Coulee power 


plant from system records for years 1944 to 1951 
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EXAMPLE: 


Faults in excess of 70% of the total 
available MVA were experienced in 
only 6% of the total number of 


3-PHASE FAULT-MVA. 


The effect of the transmission 
line on the D-C time constant, 
which has been neglected, 
will further reduce breaker 
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Figure 9. Night view of an arcing fault inter- 


tupting test, showing the two tank-type 
10,000,000-kva 3-cycle circuit breakers set 
up in the special test bay 


Fault Tests, August 20, 1950 


The short-circuit interruptions were 
handled by the South test circuit breaker, 
using the North circuit breaker for backup 
protection and also as the fault-estab- 
lishing switch for both normal trip and 
pretripped opening tests. For close-open 
duty on the test circuit breaker, the 
North circuit breaker was closed before 
the start of test so that the South circuit 
breaker would initiate the short circuit 
when it closed. 

The first two interruptions (SF-/ and 
SF-1R1) of approximately 1,200 amperes 
obtained from a single generator supply 
ing power to an isolated bus section were 
handled satisfactorily by pole number | 
of the South test circuit breaker in 3.0 
and 2.75 cycles, see Table II. The fault 


power was then greatly increased by con- 
necting eight generating units to the test 
bus as well as seven transmission lines of 
the Bonneville Power system. An open- 
ing test (SF-2) followed closely by a 


close-open test (SF-3) were made, inter- 
rupting 13,000 amperes in 2.6 cycles and 
14,200 amperes in 2.3 cycles respectively. 
The operation of the test circuit breaker 
was quite easy with only a pull of smoke 
from the exhaust pipe, even though the 3- 
phase equivalent fault power on the latter 
test amounted to nearly 6,000,000 kva. 
The next series of tests was made at 
full power with 12 generator and trans- 
former units on the bus, and also the same 
seven transmission lines. A close-open 
test (SF-4) opening 21,600 
equivalent to practically 9,000,000 kva 
3-phase, was cleared satisfactorily in 2.85 
However, the next test (SF-5), 


amperes, 


cycles. 
an opening operation, took 3.1 cycles to 
interrupt approximately the same amount 
of power. There was evidence of con 
siderable internal pressure, and some oil 
was lost from the vent pipe. 

The arcing time was definitely longer 
than expected, but since there was in- 
sufficient time for detailed inspection of 
the pole unit, it was decided to continue 
by connecting the leads to pole number 2. 
Under the same test conditions but with 
the circuit breaker pretripped by a half 
cycle, a fault current measuring 23,200 
amperes on test SF-6 was interrupted 
easily in 2.2 cycles. The equivalent 3 
phase power at the line voltage of 238 
kv amounts to 9,600,000 kva or practi- 
cally the full rating of the circuit breaker. 

The pretripping adjustment was shifted 
another half cycle so that the circuit 
breaker contacts would separate as close 
as possible to the crest of the first asym 
metrical loop for fault current. The next 
test (SF-7) did not clear at the end of the 
small current loop but arced through the 
second large loop for a total interrupting 
time from energizing the trip of 2.8 
cycles, see Figure 15. This was just 
about as severe a test as could be obtained 
on the circuit, the total interrupted cur- 
rent measuring 25,800 amperes for an 


Figure 10 (left). Type CASR-92 pneumatic 
operating mechanism used for 20-cycle re- 


closing duty, operating all three poles of a 
230-kv 10,000,000-kva 3-cycle 


breaker 


circuit 


Figure 12 (right). Multiflow interrupter section 
view showing Pressure-generating contact gap 
at the top driving oil into the multiorifice 
structure surrounding the central contact gap. 
Vents take gases out front and back at levels 
between the inlet channels. The spring- 
driven annular piston at the bottom provides 
supplementary oil flow for positive interrup- 
tion of low currents 
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View through the manhole of the 


Figure 11. 

test circuit breaker showing the 10,000,000- 

kva 3-cycle multiflow interrupters with the 

moving contact cross arm in the full open 
position 


equivalent 3-phase fault power of 10,650- 
000 kva. The circuit breaker experienced 
a fairly solid bump, but no oil was lost 
and the test was considered satisfac- 
tory. 

The final high power operation was a 
rapid reclosing test (S/-8) without pre- 
tripping, the oscillogram being shown in 
Figure 16. The first interruption of 
19,200 amperes, representing approxi- 


PRESSURE 
GENERATING 
BREAK 


OIL INLETS 


0 


LOW CURRENT 
PISTON - 


oo000000000 


ALEE TRANSACTIONS 


“CLIFT ROD TRAVEL 
Seo LIFT ROD 


238 KV. BUS VOLTAGE 
Ux 


| \ 
Leaon—q = vowrace = 
ACROSS BKR. \, 
_—INTERRUPTED 
GURRENT“150 AMP. \. 


" 
/ 


4 Y 
/ / 
\ ‘ 
‘ian / 
L _-— TRIP| COIL ENERGIZED 
| 
IV 


/ pic lpiint 
/ y 


‘~——/ BACK-UP BKR-TRIPPED 


Figure 13. Test LD-3 interrupting 150 

amperes of line-charging current for 300 miles 

of line in 2.4 cycles after energizing the 
circuit breaker trip coil 


mately 8,000,000 kva, was cleared in 2.3 
cycles. This was followed by a second 
interruption after an 18.4-cycle reclosing 
interval, interrupting 17,100 amperes in 
2.8 cycles. The 
formed perfectly, there being merely two 
This 


test in conjunction with laboratory tests 


circuit breaker per 


puffs of smoke from the vent pipe. 


- reclosing in as short a time as 7.7 cycles, 
as reported in the closing discussion on the 
Leeds-Friedrich paper,’ verify the ability 
of this circuit breaker to handle high 
speed reclosing duty without derating 
below the 10,000,000-kva rated 
rupting capacity, 

Four additional tests at moderate fault 


inter- 


power also were made successfully on the 
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same circuit breaker pole before con 
cluding the test program, the results 
being analyzed below in the section con 
cerning out-of-phase switching. 

All of the contacts in both test circuit 
breakers were in good condition when 
examined after the tests. The inter- 
mediate and lower moving contacts from 
both poles of the South circuit breaker 
subjected to the fault tests are shown in 
Figure 17. 
considerable material left on the are tips 


It is evident that there is still 


even after duty amounting to an inte- 
grated total of almost 30,000,000 kva in 
pole number | and 40,000,000 kva in 
pole number 2 

The fiber plates shown in Figure 18 
were taken from one of the grid stacks in 
pole number 2 which had the heaviest 
fault interruptions. Only a slight en 
largement of the first two or three orifices 
can be noted due to cooling effect on the 
self-generated oil flow jets impinging on 
the are from opposite sides at the various 
inlet levels. 
Micarta 
shields on the interrupter assemblies in 


Joth of the aluminum and 


pole number | were found broken after the 
tests. A careful examination disclosed 
that the grid assemblies were mounted 
higher on the terminals than they had 
been on the laboratory verification tests. 
This allowed the lower end of the 
bushing to block the opening provided at 
the top of the shields for release of gases 
expelled from the pressure chamber relief 
valve. 

The resulting sudden rise of pres 
sure on a fairly heavy test fractured the 
shields. However, the mechanical opera- 
tion of the circuit breaker was not af- 
fected interrupting 
tests in pole number 2 were completed 


since the heaviest 
successfully after the shield damage oc 
curred in pole number |. 


Figure 14 (left). 
Test LD-12 _ inter- 
rupting 66 amperes 
of line-charging cur- 
rent for 100 miles 
of line. Harmless 
arc reignition takes 
place just after con- 
tacts part before oil- 
driving piston starts 
to function 


Figure 16 (right). 
Test SF-8  oscillo- 
gram of an 18-cycle | i | 
reclosing duty cycle Lf 19,200 
test of 19,200 am- 
peres corresponding 
to almost 8,000,- 
000-kva 3-phase -at 
238 ky 
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Figure 15. Test SF-7 oscillogram of the 

maximum fault interruption of 25,800 amperes 

in 2.85 cycles, corresponding to 10,650,000- 
kva 3-phase at the bus voltage of 238 kv 


High Power Laboratory Follow-up 
Tests 


A few weeks after the field tests a 
230-kv 10,000,000-kva 
breaker pole unit was set up in the High 


similar circuit 
Power Laboratory, and the shield break- 
age duplicated with tests interrupting the 
same current with the same arcing time 
using 44 ky across a single interrupter. 
With this confirmation of the necessity 
for venting the shield more freely, the 
opening at the top of the metallic shields 
was increased appreciably, and at the 
saine time added factor of safety was ob- 


tained by substituting high strength 
bronze in place of aluminum. Also the 


Micarta shield covers were approximately 
doubled in thickness. The appearance of 
grid assembly with the new shields is 
shown in Figure 19. 
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Figure 18. Fiber plates from one of the multiflow interrupters in pole 
number 2 of the test circuit breaker after tests to 10,650,000 kva showing 
r the very moderate amount of burning in the orifice 


Figure 17. Contact tips from the test circuit breaker after short-circuit 

tests up to the 10,000,000-kva rating. The contacts were still in con- 

dition for further service even after a total integrated duty of 30,000,000 
kva in pole number 1 and 40,000,000 kva in pole number 2 


Additional laboratory short-circuit tests 
to verify the improved design included 
two interruptions of 23,500 amperes, two 
at 26,000 amperes, one at 31,000 am- 
peres, and an extra factor of safety test 
opening a single asymmetrical current 
loop measuring 36,300 amperes rms at the 
middle or 39,200 amperes rms with the 
envelope extended back to the point 
where the contacts parted close to the 
start of the fault, see Figure 20. The 
equivalent 3-phase kilovolt-amperes at 
230 kv represented by 39,200 amperes is 
15,600,000 kva. 


Discussion of Demonstrated 
Interrupting Capacity 


Wide differences in the severity of 
successive short-circuit tests of the same 
calculated interrupting duty have often 
been noted in both laboratory and field 
tests on large circuit breakers. The two 
Grand Coulee tests SF-6 and SF-7 were 


both at maximum power and offer an ex- 
cellent case in point. On the first of these 
tests the observers were scarcely aware of 
any fault current being interrupted, 
while all agreed that there was an ap- 
preciable ground shock and muffled boom 
from the circuit breaker on the second 
test. Unless field testing is controlled to 
the point where the most difficult condi- 
tions that may reasonably be anticipated 
in service are applied to the circuit 
breaker, it is hardly safe to assume that 
the ability to handle the particular 
amount of short circuit power measured 
on any one test has really been demon- 
strated. 

Many years of switchgear testing ex- 
perience in a high power laboratory has 
emphasized the importance of precise 
control over both current asymmetry and 
the time at which the test circuit breaker 
parts its contacts with respect to the in- 
stant when the fault is initiated. The 
thoroughness with which all types of cir- 


cuit severity was explored in the labora- 
tory before undertaking the Grand Coulee 
field tests is illustrated by the data in 
Table III taken from nine interruptions 
of currents between 27,500 and 31,000, 
all well above the rated current-inter- 
rupting capacity of 25,000 amperes. 
These tests are classified in three groups, 


Table Ill. High Power Laboratory Short Circuit Tests on 230/196-Kv 10,000,000-Kva Oil 
Circuit Breaker with 25,000-Ampere Interrupting Capacity 


44-Ky Single Phase to Ground (Across One-Half Pole Unit) 


; Interrupted Interrupting Lift Rod Travel First Peak 
aa Test Current, Time, at Interruption, Pressure, Severity 
°. No. Amperes Cycles Inches Lbs./Sq. In. Type 
85784- 
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Note: Current measured at instant of contact parting 1.2 cycles after energizing trip coil 


Micarta and bronze shields 
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Figure 20. High Power Laboratory short 
circuit test with 44 kv across a half-pole unit. 
The current of 39,200 amperes, interrupted in 
2.3 cycles, corresponds to a 3-phase fault of 
15,600,000 kva at 230 kv 


A, B, and C, in increasing order of sever- 
ity. Only one test was of thevexception- 
ally easy type A, five were of the moderate 
severity type B, while three out of the last 
four tests in the group belonged to the 
Maximum severity type C. One current 
_ wave of each type is plotted on the same 


TRIP CURRENT 


time scale in Figure 21, with zero time at 
the instant of energizing the trip coil. 
Since the degree of asymmetry was main- 
tained constant, it is clear that the shift 
in timing the establishment of the fault 
relative to the tripping impulse was re- 
sponsible for the variations in circuit 
breaker performance indicated approxi- 
mately by the maximum pressure peak in 
the tank. A fault interruption ending ina 
small half cycle as in type B obviously is 
not particularly severe, since the amount 
of are energy depends principally upon 
the current amplitude in the later part of 
the arcing period. Even when the last 
half cycle of arcing consists of a large 
current loop, this may not be a severe 
test unless it is known from other data 
that final interruption is taking place 
about as late in the opening stroke of the 
circuit breaker as it is likely todo. (Com- 
pare types A and C.) 

Coulee test SF-7 is plotted to the same 
current and time scale to show that this 
interruption, representing 10,650,000-kva 
3-phase, was actually of the severe class 
C type. 


Out-of-Phase Switching 


During a severe case of system insta- 
bility, it may happen that a circuit 
breaker in a tie-line position may trip out 
on overload just at the instant when the 
voltages generated on either side of the 
circuit breaker are in phase opposition. 


Figure 21 (left). 


The dynamic recovery voltage appearing 
across each of the circuit breaker poles 
may reach from 2 to 2.5 times normal 
line-to-ground voltage, with high-fre- 
quency transients of uncertain amplitude 
superimposed to add to the difficulty of 
interruption. The possibility of such 
extreme conditions has been recognized 
for a long time, but the relatively few 
cases of circuit breaker trouble reported 
due to this cause have not justified in- 
sistence of operating engineers on demon- 
strated ability to handle these very high 
voltages. Experience indicates that many 
circuit breakers have struggled through 
out-of-phase operations, which usually are 
limited by line impedance to currents of 
only a fraction of the circuit breaker in- 
terrupting capacity, by continuing to arc 
until the separating parts of the system 
have swung sufficiently in phase again to 
permit interruption. 

A very desirable characteristic for high 
voltage circuit breakers is the proved 
ability to cope with out-of-phase switch- 
ing conditions. One proposal for check- 
ing a circuit breaker in the field at double 
voltage is to make fault tests up to ap- 
proximately 25 per cent of the current- 
interrupting rating with one-half of in- 
terrupting units in each test pole shunted 
out of the circuit. This procedure is more 
readily justified when the half-pole as- 
semblies are duplicates and are normally 
bridged by voltage-dividing resistors or 
capacitors. To go further and test up to 


Comparison of severity of circuit breaker duty on dif- 


ferently timed fault-interrupting tests with the same short-circuit current 


amplitude and degree of asymmetry. 


Types A and B are relatively 


easy interruptions while type C represents severe duty on the circuit 


TIME - CYCLES 


CONTACTS PART 


TYPE A 
TEST NO. 2-98213 
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TEST NO. 2-98215 


TYPE G 
TEST NO. 2-98216 


breaker 


Figure 22(below). Cathode-ray oscillographrecords of voltage across the 

circuit breaker showing the high recovery rate and voltage overshoot on 

test SF-11 with an isolated bus section, compared with the damped 

recovery voltage on duplicate test SF-11 except with 100 miles of 230- 
kv open-end line connected to the bus 
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Figure 23. Out-of-phase overvoltage test of 

360 kv (330-kv recovery voltage) across one 

pole of a 230-kv 10,000,000-kva circuit 

breaker, interrupting 2,000 amperes in 3.0 

cycles. This laboratory test represents suc- 

cessful operation at more than 2'/2 times 
normal line-to-ground voltage 


2.5 times normal voltage would require 
isolating both a test bus and generating 
unit, as in a high power laboratory test, 
and then apply to the half pole on test 
line-to-line voltage of suitable value ob- 
tained by controlling the generator ex- 
citation. For instance, on a 230-kv sys- 
tem the appropriate voltage for a half- 
pole test might be 

1 0 9 5 = 166 ky 

2 V3 

which could be obtained from line-to-line 
voltage at 72 per cent excitation. 

Unfortunately an isolated test circuit 
as just described would subject the test 
circuit breaker to an unnecessary severe 
condition of a relatively high frequency 
recovery-voltage transient overshooting 
to a crest perhaps 60 or 70 per cent above 
the 60-cycle voltage. More moderate re- 
covery transients corresponding to actual 
operating conditions can be simulated by 
paralleling the circuit breaker with a 
suitable loading resistor or by connecting 
an open-end transmission line to the test 
bus. 

Tests SF-9, SF-10, SF-11, and SF-12 
were exploratory in nature, looking to- 
ward the possibility of future field tests 
to demonstrate circuit breaker ability 
under out-of-phase voltage conditions. 
Three generating units, capable of giving 
3,000 amperes of symmetrical fault cur- 
rent, were connected to the isolated test 
bus, and two short circuits opened with 
the South test circuit breaker, first with 
and then without the damping effect of 
the 100-mile Midway number 2 trans- 
mission line. The transient recovery 
voltage overshoot was 23 per cent with the 
line on and 60 per cent with the line off as 


1394 


measured from cathode-ray oscillograms. 
For the final pair of short circuit tests, 
the generator excitation was lowered to 
70 per cent, bringing the line-to-line 
voltage down to 167 kv to determine 
whether the attenuation of the transients 
would be appreciably affected. For this 
condition the overshoot was found to be 
50 per cent with the line off and 33 per 
cent with the line on. In addition to 
knocking off the transient peaks, another 
important effect of the transmission line 
on the bus was to lower the rate-of-rise of 
recovery voltage from approximately 
1,100 volts per microsecond to only 540 
volts per microsecond, see Figure 22. 
Additional field tests, calculations, and 
transient network analyzer studies are 
desirable to establish more definitely both 
the dynamic and transient voltage condi- 
tions to which circuit breakers may be 
subjected when interrupting transmission- 
line circuits during system instability. 
Wherever possible this should be followed 
up by high power laboratory circuit 
breaker tests. 

As an indication of the ability pos- 
sessed by these 10,000,000-kva circuit 
breakers to cope with out-of-phase volt- 
ages, the group of laboratory tests listed 
in Table IV may be of interest. The 
initial test voltages used ranged from 264 
to 360 kv, representing from 2 to 2.7 
times normal line-to-ground voltage on a 
230-ky system. A parallel damping re- 
sistor limited the transient overshooting 
to about 20 per cent above the 60-cycle 
crest to conform with field conditions, al- 
though the high rate-of-rise was only 


2500 MVA 3500 MVA 


1940 1943 


Table IV. High Power Laboratéty Short — 
Circuit Tests on 230/196-Kv 10,000,000-Kva — 
Oil Circuit Breaker 


Out-of-Phase Voltage Interrupting Tests 


Single Phase Interrupted Interrupting 


Test Voltage, Current, Time, 

Test No. Kv Amperes Cycles 
2-100324....... $30. 2.3. cxieee 5 050 sens eente co 
Seaeacive 380.250 1, 8002 2eenee 2.9 
Otek sas 330). oseee 2), O50h nerscs 2.8 
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slightly modified. On the test shown in_ 
Figure 23, 2,000 amperes at 360 kv was _ 
interrupted in 3 cycles with a transient 
recovery-voltage peak estimated at 560 
kv, built up at a rate of approximately _ 
750 volts per microsecond. This test is 
believed to represent out-of-phase voltage _ 
conditions more severe than any likely to 
be encountered in service. 


Future 230-Kv Circuit Breaker 
Development 


A few years ago, a circuit breaker in- 
terrupting rating of 10,000,000 kv at 230 
ky looked like a definite ceiling, partly on 
account of limitations inherent in the 
momentary current-carrying capacity of 
butt-type contacts considered to be al- 
most indispensable in high voltage 3- 
cycle circuit breakers, and partly perhaps 
because of vague fears of the unknown in 
this “‘stratosphere”’ of fault-clearing duty. 
Nevertheless, the prodding of necessity 
has opened doors to new achievement, and 
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Figure 24. Comparison of 230-ky 3-cycle interrupter designs over the pest 16 years showing 

progressive simplification, reducing the number of series units from 3 to 1, and at the same time 

a tremendous increase in short-circuit interrupting capacity. Test data points to 15,000,000 kva 
as a practical possibility in the immediate future 
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| results already obtained with finger-con- 
tact interrupter designs for 10,000,000- 


| kya ratings at 161 kv and 138 kv point the 
_ way to at least 15,000,000 kva at 230 kv. 


Looking backward over a period of only 
11 years since the first high-speed 3- 


_ eyele deion grid type of circuit interrupter 


was adapted from the 287-kv Hoover 


Dam design for installation in a 230-kv 


circuit breaker, a remarkable rate of de- 
velopment is disclosed. Figure 24 illus- 
trates graphically the great simplifica- 
tion achieved, first by reducing the 
number of units in series per circuit 
breaker terminal from three to two, and 
then to only one. Further reduction to 
bare essentials without change in the 3- 
cycle speed of opening was accomplished 
by careful redesign to remove undesirable 
linkages and delicate adjustments. At 
the same time the interrupting capacity 
was increased four-fold from 2,500,000 
kva to 10,000,000 kva, with the next step 
to 15,000,000 kva virtually assured. 
Additional improvements of particular 
importance include a 50 per cent reduc- 
tion in oil volume, elimination of hazard- 
ous are restriking when opening line- 
charging current, and rapid-reclosing 
duty cycles within intervals as short as 15 
cycles at practically full rated inter- 


rupting capacity. Such outstanding ac- 
complishment in the switchgear field 
could hardly have been possible without 
the whole-hearted co-operation between 
system engineers and equipment de- 
signers in carrying out such valuable 
field tests as those described in this paper. 
Particular mention should be made of the 
helpful suggestions and active assistance 
of many individuals from both the engi- 
neering and operating personnel of the 
United States Bureau of Reclamation, 
Bonneville Power Administration, and 
the Westinghouse Electric Corporation. 


Conclusions 


The short circuit interrupting tests toa 
maximum of 10,650,000 kva made on the 
Grand Coulee 230-kv bus, together with a 
large number of high power laboratory 
tests of varying degrees of severity open- 
ing currents in the range from 10,000,000 
kv to 15,000,000 kva at 230 kv have 
verified the rated interrupting capacity of 
this type of dead-tank circuit breaker, 
and with minor modifications to the con- 
tact shielding, have demonstrated the 
ability to interrupt successfully faults of 
maximum severity up to at least 12,000,- 
000 kva. Furthermore, charging current 


of 100 and 300 miles of line was inter- 
rupted promptly in not over 2.4 cycles by 
positive oil-flow action from spring- 
driven pistons. Finally, laboratory tests 
opening currents up to 2,000 amperes at 
voltages as high as 360 kv across a single 
pole indicate factor of safety more than 
sufficient to handle the most severe con- 
ditions anticipated during circuit breaker 
operation separating parts of a system 
with out-of-phase voltages. 
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Discussion 


E. C. Starr (Oregon State College, Corvallis, 
Oreg.): The high-voltage circuit breaker 
requirements of the Grand Coulee power 
plant were unique at the time they were 
established and the industry has benefited 
greatly by the development work that has 
been carried on in meeting these require- 
ments. It is particularly fortunate that the 
Coulee Plant and the Bonneville Power 
Administration transmission system have 
been made available for extensive full-scale 
developmental and verification tests at 
extremely high interrupting duty. 

Many of the engineers who have partici- 
pated in these tests over the past several 
years have been impressed by the great 
variability in obvious circuit breaker duty 
when interrupting faults of essentially equal 
nominal magnitude. Examination of the 
oscillograms taken with each test have dis- 
closed, as frequently discussed informally 
and now pointed out in this paper, that light 
duty is always associated with short arcing 
time on offset current waves, or somewhat 
longer arcing time on offset waves terminat- 
ing in minor loops. Interrupting duty that 
is obviously heavy practically always re- 
sults from large-power interruptions giving 
are durations approaching the maximum 
time characteristic of the particular circuit 
breaker being tested and terminating in 
Major current loops. 

Arce power in an interrupter is equal to 
the product of instantaneous current and 
corresponding arc voltage. This voltage, 
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in a particular circuit breaker, is propor- 
tional to contact separation and is always 
influenced by pressure and interrupting 
medium. However, the instantaneous prod- 
uct of are current and contact separation 
gives a function which is a measure of arc 
power, and therefore is a measure, in any 
particular circuit breaker, of the rate of 
release of energy in the interrupter. Con- 
sequently, low values of current appearing 
at wide contact separation, such as in inter- 
ruptions terminating in minor loops of off- 
set currents, involve little arc power or 
interrupter duty. Similarly, high currents 
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occurring only during small contact separa- 
tions involve low are power and light in- 
terrupter duty. On the other hand, heavy 
currents occurring simultaneously with 
wide contact separation, as in maximum- 
length interruptions following major loops 
of offset current waves, result in high in- 
stantaneous products of contact separation 
and current, and thereby represent high arc 
power and heavy interrupter duty. 

When contacts are parted at random on 
offset current waves a wide range of the 
above interrupting conditions can be ob- 
tained and consequently a wide range of 
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interrupting duties can be experienced. All 
such interruptions in a given series, how- 
ever, may be granted the same interrupting 
kilovolt-ampere credit when rated by the 
American Standards Association method of 
determining interrupting duty. These 
conditions are illustrated graphically by 
Figures 1 and 2 of this discussion which 
were selected from a number of similar 
graphs to be included in material to be 
presented before the Institute in the near 
future. 

Figure 1 shows three different current 
waves, one symmetrical, the second 50 per 
cent asymmetrical, and the third 100 per 
cent asymmetrical, all having the same 
total rms value and with decrement neg- 
lected. Fast interruption has been assumed 
with contacts parting at A’ on the sym- 
metrical wave and with interruption occur- 
ring approximately 7/8-cycle later. The 
transient recovery voltage appearing at the 
intermediate zero crossing A, as shown in 
relative magnitude by the dotted line be- 
tween point A and the dynamic recovery 
voltage curve Ea’, is assumed to be suffi- 
cient to barely prevent interruption at that 
point, necessitating an additional half cycle 
of arcing before actual interruption. 

For the 50 per cent asymmetrical wave it 
is assumed that no interruption will occur at 
the intermediate zero crossing B if the 
transient recovery voltage, as designated at 
that point by the dotted line from B to Eq’, 
bears the same relationship to the contact 
separation at that time as the recovery 
voltage at A bears to the contact separation 
at that particular moment on the symmet- 
rical wave. This condition requires contact 
parting to occur at point B’ on the 50 per 
cent asymmetrical wave with no interrup- 
tion occurring at B, and with final interrup- 
tion taking place following the major loop. 

For the 100 per cent asymmetrical wave 
it was assumed that a typical pretripped test 
had been made for which the contacts parted 
at the beginning of the completely offset 
wave, C’, with interruption taking place at 
the next zero crossing. A basis now is estab- 
lished for comparing the severity of inter- 
ruption on the three types of waves with 
contacts parting at such points on the waves 
as to afford essentially maximum arcing 
times. 

On the 50 per cent asymmetrical wave a 
1/8-cycle earlier point of contact parting has 
been chosen and designated as B”. For this 
point of contact parting it is assumed that 
contact separation at the second zero cross- 
ing B will be sufficient to effect interruption 
against the recovery voltage available at 
that point. This represents the condition 
of contacts parting on the descending por- 
tion of the major current loop and effecting 
‘interruption at the second zero crossing of 
the minor loop. 

In Figure 2 a typical contact separation 
curve, assuming constant acceleration for 
the first few cycles, is shown. The origin of 
this curve is assumed to coincide with the 
points of contact parting chosen on the 
waves of Figure 1 and designated A’, B’, 
C’, and B”. In each case then, as time 
progressed the products of contact separa- 
tion and corresponding instantaneous cur- 
rent were plotted for each of the current 
waves shown, and the resulting ‘“ampere- 
inch” curves are as depicted in Figure 2. 
It will be observed that for the symmetrical 
wave the ampere-inch curve has a beginning 
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Relative interrupter ampere-inch curves for fault current waves of equal total rms value 


interruption within one cycle (zero decrement assumed) 


of minor amplitude, and then swings through 
a major amplitude reaching approximately 
1.1 per unit crest value and having an area, 
which is some function of are energy, equal 
to one per unit. 

The 50 per cent asymmetrical current 
wave again gives a minor beginning loop 
and then swings into a major ampere-inch 
loop reaching a crest value of approximately 
1.4 per unit, and having an area of 1.43 per 
unit. 

The obvious interrupter duty on the 
asymmetrical interruption is considerably 
higher than for the symmetrical interruption 
even though the breaker would receive the 
same credit for both interruptions. 

In the case of the pretripped, 100 per 
cent asymmetrical current wave the ampere- 
inch curve reaches a crest value of approxi- 
mately 1.45 per unit, and has a total area of 
1.13 per unit. Since the blast effect in most 
interrupters is a function of rate of release 
of are energy, this test appears to give the 
least severe duty of the three cases chosen 
even though the rms current values are the 
same for all three. 

Now, if it is assumed in the 50 per cent 
asymmetrical case that the contacts parted 
approximately 45 degrees earlier and thereby 
effected interruption at the second zero 
crossing of the minor loop, the ampere-inch 
curve resulting is that designated as the low- 
duty interruption and rises to a crest value 
of only 0.2 per unit and has an area of only 
0.11 per unit. Obviously the circuit breaker 
duty in this case is extremely light even 
though it again is given full credit for inter- 
rupting a fault of the same severity as the 
previous three cases chosen. It is known 
that actual interrupter duty in most circuit 
breakers is not exactly proportional to the 
amplitude of the ampere-inch curves. As 
pressure builds up in the interrupter, the 
are drop increases tending to compound the 
effect, making the high peaks grow propor- 
tionally higher and thereby making the 
differences -between the actual interrupter 
duties greater than those shown in Figure 2. 
Relative interrupter duty is essentially 
directly proportional to the ampere-inch 
curves when the are drop is a function only 
of contact separation, as is the case in 
interrupters for which practically the same 
pressure is involved for all degrees of current 
intensity. 

Figure 2 of this discussion clearly points 
out the real need for an absolute rating basis 
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rather than the American Standards Associ- 
ation or European bases now available. It 
shows also that a test code should be adopted 
requiring that tests of fast circuit breakers — 
should be so conducted as to involve maxi- 
mum duty for the rating given, and not to 
permit acceptance to be based on a minor 
duty test such as may be obtained if only a 
few interruptions are accomplished by ran- 
dom faulting and circuit breaker tripping, 
or as may be obtained by a deliberate at- 
tempt to obtain a full offset wave with pre- 
tripping to effect interruption at the end 
of the first major current loop or at the end 
of the following minor loop. 

In this connection it should be pointed 
out that even though the American Stand- 
ards Association indicated fault duty repre- 
sented by Figure 20 of the paper is very 
high, nevertheless the arc time indicated is 
extremely short and contact separation was 
very small when final interruption took place. 
Interruption, of course, occurred at this 
point because of the high-offset character of 
the current wave, which resulted in rela- 
tively small recovery voltages. An ampere- 
inch curve plotted for this interruption 
showed it to be one of very modest duty as 
compared to some of the others taken in the 
laboratory and at Grand Coulee on this 
particular circuit breaker. 

From these considerations, it is evident 
that high-speed circuit breakers should be 
rated by standards different from those now 
in use, and that test codes should be speci-_ 
fic with regard to types of interruptions ex- 
pected in verification tests. A proposed 
new basis of rating will be included in the 
forth-coming material. 


Otto Naef (American Gas and Electric 
Service Corporation, New York, N. Y.): 
No continuous current rating is given for 
the circuit breaker described in this paper. — 
Is the manufacturer prepared to build high- 
voltage circuit breakers for higher load cur- _ 
rents than hitherto customary, which may 
be expected as the output of our generating — 
stations steadily increases? Snow melting 
requires currents of the order of 1,400. 
amperes. It is also undesirable to limit the 
transmitting capability of a transmission — 
line by the continuous current rating of its 
circuit breakers. Will the higher rated cur-_ 
rents require a departure from the butt-_ 
type contacts used in present designs? rH 
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H. Leyburn (Messrs. A. Reyrolle & Co. 
Ltd., Hebburn, England): My remarks re- 
lating to a companion paper! apply also to 
this paper. In addition, I should like to ask 
the authors whether the value of current of 
2,000 amperes at which the tests were done 
under out-of-phase switching conditions is 
based on scientific data or whether it is 
empirical. 
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W. M. Leeds: The authors appreciate E. C. 
Starr’s excellent analysis of interrupting 
severity under different conditions of cur- 
Trent asymmetry and contact separation at 
are extinction. The ampere-inch basis of 
evaluating interrupting duty should be a 
useful guide where more direct data on arc 
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energy or impulse pressure are not available. 
Whether or not there is a real need to change 
the present American Standards Association 
method of rating circuit breakers is a de- 
batable question, but it is certain that veri- 
fication tests to demonstrate a particular 
rating should include tests under a sufficient 
variety of conditions to make certain that 
the most severe duty for the rating has 
actually been experienced. 

The asymmetrical test of Figure 20 was 
not intended to be conclusive proof of 15,- 
000,000 kva interrupting capacity, but was 
submitted as one of the highest power tests 
obtainable within the limitations of High 
Power Laboratory facilities. Still heavier 
short circuit interruption must await an 
opportunity for further field testing at 
Grand Coulee Dam after all 18 generators 
have been installed. 

In reply to Naef’s question on continuous 
current-carrying capacity, the 230-kv 10,- 
000,000-kva circuit breakers described in 
this paper are rated 1,200 amperes with not 
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more than the allowable 30 degree rise in 
contact temperature. Further tests have 
demonstrated that these butt-type contacts 
will carry up to 1,400 amperes satisfac- 
torily with less than 10-degree centigrade 
additional rise in temperature. No change 
in contact design is contemplated except for 
certain extra-high rupturing capacity circuit 
breakers where momentary ratings in excess 
of 40,000 amperes are required. 

In answer to Mr, Leyburn: the value of 
2,000 amperes for the current at which the 
out-of-phase switching tests were made 
corresponds approximately to the maximum 
power available in the laboratory at the test 
voltage of 330 to 360 kv. However, a study 
of a typical 230-kv system gave 1,100 
amperes for the maximum current under 
out-of-phase conditions between generating 
stations 200 miles apart with a switching 
station at the mid-point, so the test currents 
of 500 to 2,000 amperes were considered 
quite adequate for checking the circuit 
breaker performance. 
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Operation of Bushings 


Carbonized Oil 
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IRCUIT-breaker bushings, or load- 
C ratio control-transformer-contactor 
bushings, may operate with one end im- 
mersed in oil containing various concen- 
trations of small carbon particles. Under 
normal conditions the presence of carbon 
particles suspended in the oil or deposited 
on the insulating surfaces of the bushings 
has no adverse effect. 

In the presence of abnormal amounts 
of water, dielectric weakness might de- 
velop and it is considered good practice to 
avoid heavy accumulation of carbon par- 
ticles adhering to the bushing insulating 
surface, The rate at which carbon is de- 
posited on the bushing insulating surface 
may determine the frequency with which 
servicing is necessary. Even if the rate of 
carbon accumulation on the lower end of 
the bushing is so slow that other factors 
determine the desirable frequency of 
servicing, it is probable that further re- 
duction or elimination of carbon accumu- 
lation constitutes improved performance. 

While the problem of carbon deposition 
has been more or less successfully met in 
the past by various means, this paper pre- 
sents an analysis of the facts influencing 
the behavior of carbon particles. From 
this analysis rational and reliable solu- 
tions to the problem have been derived. 
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General Conclusions 


1. Carbon deposition is caused by the 
attraction of carbon particles toward 
concentrations in the electric field. 

2. Microscopic field concentrations 
caused by conducting inclusions or bub- 
bles in the glaze on the porcelain surface 
attract nearby carbon particles. Carbon 
particles thus drawn to the adjacent sur- 
face may increase field concentration and 
resultant attraction for additional par- 
ticles. 

3. The effect of macroscopic field 
concentration caused by configuration of 
bushing parts can be eliminated by 
avoiding sharp conducting edges near the 
insulator surface. 

4. A carbon particle near an insulator 
surface of relatively high dielectric con- 
stant causes a local field concentration 
which attracts the particle toward the 
surface. 

5. Carbon deposition is facilitated if 
insulator surface is parallel to field direc- 
tion. 

6. Carbon deposition can usually be 
substantially reduced or eliminated by 
one or more of the following features: 
homogeneous insulator surface layer, 
low dielectric constant insulator surface 
layer, insulator surface approximately 
normal to field direction, 


Basic Test Procedure 


The first problem was to establish a 
test procedure which would determine in 
a few hours the results which could be ex- 
pected of a specific bushing construction 
after a period of months or years in 
severe service. After many trials the 
following method was adopted as most 
satisfactory. 
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re 


Two full-size bushings, usually of 115- — 


ky rating, were mounted in a large tank 
of oil and excited at normal voltage for 8 
hours. Carbon particles were formed con- 
tinuously by the passage of a 60-cycle 
current of 0.22 ampere through an arc be- 
tween two tungsten electrodes spaced 0.1 


inch apart in the oil below the bushings. } 


With new oil, several days of arcing were 
necessary to establish suitable conditions 
for testing. The severity of the test con- 
ditions is indicated by power factor read- 
ings up to 95 per cent on oil samples re- 
moved from the bottom of the tank. 


Because the carbon deposition process 
is sensitive to the condition of the oil, all 
conclusions have been based on bushings 
tested simultaneously in the same tank, 
and in symmetrical locations, Erroneous 
conclusions often would have resulted, for 
example, if comparisons had been made 
between tests run under supposedly 
identical conditions, but on consecutive 
days. 

Significant changes in the character- 
istics of bushings under test caused large 
changes in the visual appearance of 
carbon deposited. Visual estimates of 
absolute weights of carbon were relatively 
inaccurate, but visual estimates of the 
relative weight of carbon on two bushings 
being examined simultaneously were 
found of adequate accuracy for practical 
purposes. As a check on the visual rat- 
ings the deposit was weighed. On im- 
mersing the bottom half of a bushing in a 
permachlor degreaser, the washing action 
of the fluids removed all loose nonad- 
herent carbon and left a dry, compact, 
dense, black deposit which adhered 
firmly in characteristic pattern to the por- 
celain surface. The loose nonadherent 
carbon removed by the degreaser was 
the residue left from the densely carbon- 
ized oil which drained over the surface of 
the bushings as they were removed from 
the tank. The remaining adherent de- 
posit was considered to be the important 
one because it contained most of the 
carbon and because it was actually on the 
surface of the porcelain under operating 
conditions. The adherent deposit was 
wiped from the bushing on weighed filter 
papers and the change in weight was de- 
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termined. Compensation was made for 


effect of changing humidity on weight of 


filter paper. 


The amount of deposit 
ranged from about 15 to 200 milligrams. 
The estimated per cent of creepage 
distance covered by carbon was used as a 
third check on comparative performance 
in the early stages of the investigation, 
but was used less in later stages when test 
runs with very small traces of carbon 
were being obtained. 

Availability of this basic test procedure 
permitted evaluation of performance of 
possible modified constructions and ob- 
servation of conditions occurring during 
carbon deposition. 


Observations of Behavior of Carbon 
Particles in Oil 


At the start of the investigation, 
several hypotheses to explain the mecha- 
nism of carbon deposition were investi- 
gated and rejected. It was found, for 
example, that the particles often carried 
d-c charges and that d-c fields would cause 
rapid deposition. However, investiga- 
tion by means of a sensitive, electronic 
electroscope of bushings on which carbon 
was depositing under a-c stress revealed 
no d-c component. No effect on the 
carbon deposition rate was found on ap- 
plication of many hydrophobic and oleo- 
phillic surface films, or on removal of all 
films. None of the glazes showed serious 


surface irregularities when examined by 


means of the electron microscope. Under 
the optical microscope, smooth undula- 
tions were visible, but there was no cor- 
relation with carbon deposition rates. 

The more obvious possible explanations 
of the phenomenon of carbon deposition 
were found to be unrelated to actual test 
performance. It became necessary to 
learn more about the nature of carbonized 
oil before trying to explain its behavior. 

Oil carbonized by exposure to a low 
current a-c arc was examined under 
optical and electron microscopes. The 
particles floating in the oil were found to 
range in diameter from less than 0.1 
micron to about 10 microns, most par- 
ticles being under 0.5 micron. Myriads 
of particles tend to collect in lace-like 
patterns in which the individual par- 
ticles are separated by small spaces. 
Chemical analysis disclosed that, in addi- 
tion to carbon, the particles contained 
within or about themselves appreciable 
percentages of acids and solids represent- 
ing various stages of decomposition of oil. 
It is probable that some of these ma- 
terials form a transparent high resistance 
envelope surrounding a core which is 
largely carbon. This is suggested by the 
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Electric field plot of obsolete 115- 


Figure 1. 
ky bushing, made on electrolytic tank 


spacing observed between particles form- 
ing clusters and by evidence cited later 
indicating slight conductivity between 
particles. 

One set of simple tests was very re- 
vealing as to the fundamental behavior of 
carbon particles in oil under electric 
stress. Concentric cylinder electrodes 
were prepared by running an 8-mil wire 
down the center of a 1-inch test tube and 
placing a metal screen around the out- 
side of the tube which was filled with 
clean oil. Then a drop of carbonized oil 
was inserted in the gap. On a-c voltage 
below 400 volts no effects were apparent. 
Above this voltage the particles began to 
line up radially like strings of beads along 
the flux lines and gradually moved inward 
toward the wire, forming a pattern like 
the needles on a twig of a fir tree. As the 
a-c voltage was raised to a higher value, 
turbulence was noticed at about 1,200 
volts. Soon the pattern was replaced by 
a swirling, random cloud. 

When the a-c voltage was removed 
after a pattern was formed at a voltage 
between 400 and 1,200 volts and d-c 
voltage of either polarity was applied in 
its place, the particles were quickly re- 
pelled from the inner electrode out to the 
glass. 

Similar action was noticed when a 
small diameter glass tube was placed 
around the wire, and also when the ex- 
periment was repeated with small con- 
centric enameled electrodes on a micro- 
scope slide. Typical action on alternating 
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current was the gradual formation of a 
pattern made up of strings of particles; 
typical action on direct current was the 
destruction of patterns and a rapid swirl- 
ing motion, 

The probable explanation of the re- 
pelling force and turbulent motion pro- 
duced by d-c voltage, or relatively high 
a-c voltage, is a tendency for conduction 
through the surface film of the particle 
to establish like charges on adjacent 
bodies. Relatively high a-c voltage was 
necessary to accomplish this result within 
a single half cycle. The small conductivity 
required is illustrated by the fact that 
glass or enamel insulation on the inner 
electrode did not appreciably change 
the observed results. 

The next experiment was to put a por- 
celain bushing at a-c operating voltage in 
a glass tank of clean oil and insert a few 
drops of the carbonized oil near the 
porcelain. The particles gradually lined 
up, drawing a local flux plot and moving 
toward the porcelain. On reaching the 
porcelain, the particles assumed a stable 
flux-line pattern partly suspended in the 
oil. This is evidence that a d-c field was 
not active; if it were, this pattern would 
have been destroyed. More drops were in- 
serted and the action was allowed to con- 
tinue. Later when the bushing was re- 
moyed from the oil, there was found a 
localized carbon deposit similar in pattern 
to that observed on large bushings under 
test conditions and in service. The bush- 
ing was replaced in the tank, and a-c 
voltage was raised to the high potential 
test value. Turbulence appeared in the 
oil and the carbon began streaming from 
the bushing. 

It was concluded from these and 
similar tests that the deposition of carbon 
at operating voltage is a direct result of 
the a-c electric field surrounding the 
bushing. 


Theoretical Analysis of Behavior of 
Carbon Particles in Oil 


To learn more about the behavior of 
carbon particles in an a-c electric field it 
was necessary to investigate the relation 
between the particle and the microscopi- 
cally small portion of field in its immediate 
vicinity. This procedure disclosed the 
existence of several unsuspected factors 
influencing the behavior of carbon par- 
ticles. 

While a particle in an a-c electric field 
is subject to a single resultant force pro- 
duced by the field configuration it has 
been found convenient to resolve this 
force into a number of components 
caused by different types of field nonuni- 
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formity. The resultant of several com- 
ponent forces may apply to one particle 
as the result of a field which is the re- 
sultant of several component fields, each 
characterized by a different kind of non- 
uniformity. As will be seen later the re- 
sultant force is not a simple vector sum 
and is larger than would result from addi- 
tion. 

The different component forces may be 
conveniently catalogued as: Macro- 
scopic nonuniformity force; interparticle 
force; glaze inclusion force with per- 
pendicular field; glaze inclusion force 
with parallel field; and image force. 


Macroscopic NONUNIFORMITY FORCE 


Carbon particles may be attracted by 
field nonuniformity on a macroscopic scale 
to relatively sharp configurations of metal 
or other conducting materials whether 
those edges be in contact with the oil or be 
separated from the oil by a thin layer of 
insulation. The force of attraction is de- 
termined by equation 1 derived in the 
Appendix. 


FF 3K oE oF 


(1) 


= ratio electric force to gravity force 

Ko =dielectric constant of oil (value 2.25) 

E=volts per centimeter 

p=grams per cubic centimeter net force of 
gravity on particle in oil (value 1.5) 

g=980 centimeters per second per second 

C=300 volts per statvolt 

x=centimeters in direction of force on 
particle 


. Equation 1 states that the force on a 
carbon particle in an electric field is pro- 
portional both to the magnitude, E, of 
that field and to its nonuniformity, 
O0F/Ox. The explanation is simple and 
fundamental to all of the forces on carbon 
particles. Each of the flux lines which 
touches a surface element of the particle 
tries to pull that surface element into the 
oil. Therefore, in a strong but uniform 
field the two sides of the particle are 
pulled in opposite directions by forces 
which are precisely equal, and the net 
force is zero. However, if the field is non- 
uniform, one side of the particle experi- 
ences more pull than the other so the par- 
ticle is forced in the direction of increasing 
field strength. 

Equation 1 permits calculation of the 
force-weight ratio from information given 
by a field plot such as shown in Figure 1 
for a conventional 115-ky bushing. From 
this plot it can be determined that at the 
point of maximum oil stress near the 
lower end of the bushing, is about 5,000 
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Figure 2. Field plots illustrating interparticle force F 


(A). Spherical conducting particle near metal in perpendicular field showing field distortion 
producing attractive force 
(B). Spherical conducting-particle in conductive contact with metal in perpendicular field 
showing field distortion producing repulsive force 


volts per centimeter and OL/0x is about 
740 volts per centimeter per centimeter. 
This gives a force-weight ratio of 0.015 
which is obviously small enough to show 
that the macroscopic nonuniformity force 
has no influence on the behavior of carbon 
particles in a bushing such as the one rep- 
resented in Figure 1, and probably is of 
little consequence in any conventional 
bushing design. 

The field plot of Figure 1 was obtained 
by measurement of actual voltages in and 
around a model bushing constructed in a 
conducting bath. It was found possible 
to obtain reasonably accurate field plots 
of 2-dimensional fields of rotational or 
translational symmetry, fully considering 
effects of configuration and dielectric 
constant of various parts. Field plots in 
other figures were also obtained by this 
procedure. 


INTERPARTICLE FORCE 


Each carbon particle distorts the field 
near itself, produces stress concentra- 
tions, and attracts neighboring particles. 
Equation 2 covers this force between two 
particles on the same flux line. 


F _KobetE*[ | , 2b! 
Ww 2mpgm4 


(2) 


m? 
where 


bce=microns radius of conducting spherical 
particle 
E,=volts per centimeter 


m=microns distance between centers of 
particles 


According to equation 2, the attractive 
force between two adjacent particles of 
1.0-micron radius is 460 times the weight 
of one particle. Furthermore, the force 
exceeds weight for spacings between par- 
ticles up to 8.7 microns on centers. The 
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interparticle force will attract and hold a 
particle against the force of gravity, and if 
one particle is adhering to the bushing — 
insulator surface it will attract nearby 
particles to it. 

Figure 2(A) shows the field plot for a 
spherical conducting particle near a metal 
surface in a field perpendicular to the 
metal surface. In this and similar plots, 
equipotential lines are shown solid, and 
flux lines are dotted. By symmetry the 
field between two particles also is illus- 
trated. The field strength between the 
two particles is clearly more intense than 
the field on the opposite side of either of 
the two particles and produces a net 
force pulling them together. The force 
can be calculated by graphical integra- 
tion over the surface of the particle using 
the force per unit area as given in equa- 
tion 3. 


F 108K, 
ee Oy S 3 
W > 96ntpeb.t fs cos od (3) 


where 


@=angle between normal to surface and 
total force 
S =square centimeter surface area 


For the case shown in Figure 2(A) 
using 1.0-micron radius particles and a 
field of 5,000 volts per centimeter (this 
stress is the maximum found in Figure 1 
and will be used generally for reference 
purposes) the force-weight ratio as given 
by graphical integration of equation 3 is 
280, which compares with 190 given by 
equation 2 for the same conditions. The 
discrepancy of about 50 per cent is not 
significant since only the order of mag- 
nitude of the force is required for analyz- 
ing the behavior of carbon particles. 

If the particles make conductive con- 
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Field plots illustrating glaze inclusion force F in perpendicular field 


(A). Cylindrical conducting inclusion tangent to surface of glaze in perpendicular field showing 
field distortion producing attractive force on carbon particle 

(B). Cylindrical gas bubble inclusion tangent to surface of glaze in perpendicular field showing 
field distortion producing repulsive force on carbon particle 


tact as in Figure 2(B) a rearrangement of 
charges takes place and attraction is re- 
placed by repulsion. The repulsive force 
can be evaluated by graphical integration 
of equation 3 and is found to be 350 times 
the weight for 1-micron radius particles 
in a field of 5,000 volts per centimeter. 
The change from attraction to repulsion 
can be demonstrated physically by hang- 
ing a ball bearing near a wire at high a-c 
potential or by dropping bits of foil in 
stressed oil near a metal surface. An 
oscillation or dancing action, sometimes 
quite violent, will result. 

The fact that the carbon particles line 
up in an electric field and form stable 
patterns indicates that they are covered 
by an insulating coating, probably prod- 
ucts of decomposed oil. The disrupting 
of these patterns by turbulence in strong 
a-c fields could be caused either by an 
electric breakdown between the particles 
or conduction of charges through the in- 
sulating layers. The latter was indicated 
by an experiment in which a microscope 
was focused on a small point-to-plane oil 
gap which was in turn connected to a sen- 
sitive corona detector. Although occa- 
sional pulses of corona current were ob- 
served, they could not be correlated with 
the instants at which particles struck the 
electrode. 


Gaze INCLUSION FORCE WITH 
PERPENDICULAR FIELD 


A carbon particle close to a glaze which 
is not homogeneous will be attracted to 
high dielectric constant or conducting in- 
clusions in that glaze, even if the surface 
is perfectly smooth, if there is an electric 
field perpendicular to the glaze surface. 
The force of attraction is given by equa- 
tion 4. 
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F____K,*Eo*b*(K,— Ky) 
W xpgm(Ko+Kp) (Kg+2Kp) 
[ 4b°K o(Ky— Kp) ] 
1 (4) 
m(Ko+Kpy)(Ky+2Kp) 


x 


where 


K,=dielectric constant of insulator surface 
layer (value 7.0) 

b=microns radius of 
(assumed value 50) 

K,=dielectric constant of glaze inclusion 
( for conductor) 

m=microns distance center of glaze inclu- 
sion to center of conducting particle 
in oil 


glaze inclusion 


The effect of a conducting inclusion is 
correctly represented by an infinite di- 
electric constant. For a 1-micron radius 
carbon particle adjacent to a 50-micron 
radius conducting inclusion tangent to the 
surface and in a field of 5,000 volts per 
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centimeter, the force-weight ratio is 110. 
The ratio is lower than the 460 for the in- 
terparticle force but the force is effective 
over a much greater distance, exceeding 
weight at distance up to 87 microns be- 
tween carbon particle center and glaze 
surface. If there are many conducting 
glaze inclusions the glaze inclusion force 
may be expected to attract any nearby 
particles. 

As is shown by equation 4, if the di- 
electric constant K, of the inclusion is 
greater than that of the surface K,, the 
force is one of attraction. If the inclusion 
is of lower dielectric constant, such as a 
gas bubble, the force is negative and is 
one of repulsion. Either force reduces 
rapidly (as the fourth power) with in- 
creasing distance. 

These facts*concerning conducting in- 
clusions are checked by the field plots of 
Figure 3 (A) and (B), which show flux 
distortion caused by the inclusions in a 
field perpendicular to the surface of the 
glaze. Attraction toward the surface is 
shown by the concentrations at the 
carbon particle in the plot of Figure 3(A). 
Repulsion, caused by a gas bubble in- 
clusion, is illustrated in Figure 3(B). 

The force on the spherical particle near 
the cylindrical inclusion can be evaluated 
from the plot by graphical differentiation. 
The field strength in the oil at any point 
is determined from the distance between 
equipotential lines. When field strength 
is plotted against distance the slope gives 
the value of 0#/ox and the force can be 
calculated from equation 1. For Figure 
3(A), with a conducting inclusion 50 
microns in radius located tangent to the 
glaze surface, the force-weight ratio is 
150 for a cylindrical inclusion. This is 
satisfactory agreement with the value of 
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Figure 4. Field plots illustrating glaze inclusion force F in parallel field 


(A). Cylindrical gas bubble inclusion tangent to surface of glaze in parallel field showing 
field distortion producing attractive force on carbon particle . 
(B). Cylindrical conducting inclusion tangent to surface of glaze in parallel field showing field 
distortion producing repulsive force on carbon particle 


Wilson, Wetherill—Operation of Bushings in Carbonized Oil 


1401 


110 given by equation 4 for a spherical 
particle. 


GLAze INCLUSION FORCE WITH PARALLEL 
FIELD 


A carbon particle close to a glaze which 
is not homogeneous will be attracted to 
low dielectric constant or gaseous inclu- 
sions in that glaze if there is an electric 
field parallel to the glaze surface. The 
force of attraction is given by equation 
Dia 


F KK pEo*b\(Kp— Ky) 
W 2npgm'(Ko+Kp)(Ko+2Kp) 
[ 2b°K,(Kp—Ko) iz 
m3(Ko+Kp) (Kgt2Kp) 


For a carbon particle adjacent to a 50- 
micron radius spherical gaseous inclusion 
tangent to the surface of the glaze in an 
electrical field of 5,000 volts per centi- 
meter parallel to the surface of the glaze 
the force-weight ratio is 58 and the range 
of distance over which force exceeds 
weight is 72 microns. The frequent oc- 
currence of gas bubbles accounts for the 
relatively poor performance of many 
glazes as regards carbon deposition. 

Equation 5 indicates that if the di- 
electric constant of the inclusions is 
raised from 1.0 the attractive force de- 
creases, reaching zero when the dielectric 
constant of the inclusion equals the di- 
electric constant of the glaze. For still 
higher values of inclusion dielectric con- 
stant a force of repulsion appears on the 
carbon particle. Either force reduces 
rapidly (as the fourth power) with in- 
creasing distance. 

Figure 4(A) illustrates the field concen- 
tration in the parallel field producing at- 
traction toward the gaseous inclusion, 
and Figure 4(B) illustrates the repulsion 
that occurs with a relatively high di- 
electric constant inclusion. 


IMAGE FoRCE 


In considering the interparticle force 
we have considered Figure 2(A) as show- 
ing the distortion of an otherwise uniform 
field produced by two nearby particles. 
It represents equally weli the field around 
one particle near a metallic surface and 
the force produced on the particle would 
be the same under these conditions. We 
can regard the metal surface as a mirror 
producing a virtual image of the particle 
equidistant from the metal surface and 
opposite to the real particle. 

We are interested in forces on a particle 
near a glazed surface having a dielectric 
constant of relatively high value (about 7) 
as compared to oil. “A surface of high di- 
electric constant tends to distort the field 
in the same manner as a conducting sur- 
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Cylindrical carbon particle touching glaze surface in perpendicular field showing field 


Cylindrical carbon particle touching glaze surface in parallel field showing field distortion 


CARBON PARTICLE GLAZE 
IN OIL 
A 
Figure 5. Field plots illustrating image force F 
(A). 
* distortion producing attractive force 
(B). 
producing attractive force 
face. The effect can similarly be con- 


sidered to result from the presence of a 
virtual image behind the surface of the 
glaze with the strength of the image de- 
pending on the difference in dielectric 
constant of glaze and oil. The equation 
governing the image force, derived in the 
appendix, is as follows for a field per- 
pendicular to glaze surface: 


be§( Kp — Ko) ] 
4n3(Ky+Ko) 
(6) 


F _ KoEy*be( Kp — Ko) 
W 32npgn*(K,+Ko) 


where 


n=microns distance from center of con- 
ducting particle in oil to surface of 
insulator 


For a 1-micron radius carbon particle 
this gives a force-weight ratio of 220, but 
the range of distance over which the ratio 
exceeds one is only 4 microns. One effect 
of the image force is probably to hold 
firmly the particle attracted to the sur- 
face by the longer ranged inclusion 
forces. 

The field about a cylindrical carbon 
particle adjacent to a glaze surface is 
shown for the perpendicular and parallel 
cases by Figures 5(A) and 5(B). For 
convenience, flux lines are shown instead 
of equipotentials. In both figures the 
field is more intense on the side of the 
particle next to the glaze, and there is ob- 
viously an attractive force. While the 
field concentration is not as great in 
Figure 5(B) the field distortion is greater 
than in Figure 5(A), and forces of about 
equal magnitude might be expected. 
Graphical integration indicates the force 


is about 10 per cent greater for the paral- 
lel field. 
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Whereas equation 6 is derived for a 
spherical particle in the perpendicular 
field, no equation was derived for a 
spherical particle in the parallel field. 
However, the above graphical determina- 
tion of forces is sufficiently accurate and 
has been adequately verified in the earlier 
comparisons. 


Effect on Design Practice 


The possible effects of the five com- 
ponent forces are compared in Table I for 
various sizes of carbon particle. In each 
case the maximum force-weight ratio is in- 
dicated as is the range of distance over 
which the ratio exceeds unity. This 
table is calculated for the following con- 
ditions: field strength, 5,000 volts per 
centimeter; dielectric constant of oil, 
2.25; dielectric constant of glaze, 7.0; 
density carbon minus oil, 1.5 grams per 
cubic centimeter; field nonuniformity, 
740 volts per square centimeter, and 
radius of inclusion, 50 microns. 


Table |. Comparative Effect of Component 


Forces on Carbon Particles 


Radius of Effective 
Carbon Force- Range of 
Particle weight Force 
Type of Force (Microns) Ratio (Microns) 
Macroscopic... .. Any Size... .0.015 \ 
Nonuniformity 
Interparticle....... Oud. = am 4,600.5 ch. 1.6 
VEC Bas 6 ce 400 (cee \, 8.0 
LOO sen, Anas 46......49 
Glaze inclusions,.Any Size.... 110...... 87 
(Perpendicular 
field) =" 
Glaze inclusions, Any Size.... OS iostes 72 
(Parallel field) 
Imageasmeecastnice O21 ee 272300) Soran 0.7 
LS Ol scene 2203.5 4 
10.0.0 ne VPRO TCR 21 
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Figure 6. Appearance of sample glazes after etching (magnified 35 diameters) 
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The macroscopic nonuniformity force 
seems negligible. The interparticle force 
can be neglected if initial deposition of 
carbon particles from other causes can be 
prevented. The glaze inclusion forces 
and the image force require further con- 
sideration. 

It should be noted that simultaneous 
presence of image force and glaze inclusion 
force produces an attractive force on 
carbon particles greater than the sum of 
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the separably calculated values. While 
the glaze inclusion force, calculated from 
equation 4 or 5 depends upon the field 
strength H, that would have been present 
in the absence of the inclusion, it operates 
by increasing the local stress intensity. 
This increased stress intensity is then 
effective in producing image force on a 
small carbon particle near the glaze in- 
clusion. Thus the resultant force can be 
much greater than the sum of the glaze 
inclusion force and the image force cal- 
culated separately. 


Effect of Homogeneous Glaze 


Table I shows that the inclusion forces 
are the only ones operative over any ap- 


Figure 7 (left). Field plot of obsolete bushing 

without petticoats, showing tendency of car- 

bon to deposit where the field is parallel to 

the glaze surface. The location of the de- 
posit is shown by the heavy line 


Figure 8 (right). Field plot of obsolete 
bushing with petticoats, showing tendency 
of carbon to deposit where the field is paral- 
lel to the glaze surface. The location of the 
deposit is shown by the heavy lines 
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preciable distance away from the in- 
sulator surface. If these forces draw the 
particles near to the surfaces where they 
are then held by the more intense, but 
short range interparticle and image forces, 
a substantial improvement in carbon dep- 
osition performance should result from 
using a homogeneous glaze substantially 
free from inclusions. 

In many cases it is difficult to detect 
inclusions by direct visual examination, 
particularly if the glaze is opaque, or 
neatly so. Etching the surface with 
hydrofluoric acid quickly discloses the 
presence of such inclusions. While the 
significant characteristics of inclusions 
are dielectric constant and conductivity, 
they seem to correlate well with suscep- 
tibility to attack by hydrofluoric acid. 

Examination of hundreds of glaze 
samples disclosed many inclusions of high 
dielectric constant or conducting particles 
and gas bubbles. A number of glaze 
samples showing correlation between 
glaze inclusions and carbon deposition 
performance are illustrated in Figure 6. 
Either bubbles or solid inclusions ad- 
versely affected the performance. 

Glaze sample 10 (Figure 6) includes 
many large air bubbles signalized by 
characteristic dark holes surrounded by 
white frosty areas. In sample 77 small 
bubbles were visible as bright white dots. 
Sample 45 shows few bubbles but many 
minute solid inclusions. Sample 44 is 
marred only by a few relatively large 
bubbles which appear as black rings. 
The bubbles in samples 10 and 44 are 
about 50 microns in radius. In sample 44 
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Figure 9. Field plot of special bushing to 

illustrate reduction of carbon deposit by 

minimizing areas of glaze parallel to field. 

As shown by the heavy lines, deposit avoids 

areas where the field is not parallel to the 
glaze surface 


they are about 15 microns below the sur- 
face. In several glazes perfect cubes of 
magnetite (conducting) were seen close to 
the surface. Based on these observa- 
tions, a spherical inclusion of 50 microns 
radius tangent to the surface was selected 
as suitably representative for use in 
Table I for both gaseous and solid inclu- 
sions. 

Of the many glazes investigated, 29 
were selected as outstanding for homo- 
geneity, applied to bushing porcelains, 
and tested on the 8-hour accelerated 
carbon deposition test. The best of these 
glazes is in production use on oil circuit- 
breaker bushing bottom porcelains. It is 
characterized by a high degree of freedom 
from inclusions to a depth of about 7 
mils, which is sufficient to obtain full 
benefit of homogeneity. This glaze also is 
used on bushings for load ratio control 
contactors on power transformers. 


Effect of Fiux-Surface Angle 


One of the most interesting experi- 
mental results of the investigations was 
the pattern of carbon collection on the 
petticoatless bushing, Figure 7. Carbon 
collected where the flux was appioxi- 
mately parallel to the surface, and avoided 
areas which had higher field intensity and 
high flux-surface angle. This correlated 
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with the fact, as shown in Figure 8, that 
much of the collection occurs against the 
force of gravity on the under sides of the 
petticoats of a bushing with standard con- 
tour where the flux is most nearly parallel 
to the surface. 

In studying the possibility of reducing 
deposition by decreasing the areas over 
which the flux-surface angle is small, a 
number of special contours were designed 
and tested. In general, it was concluded 
that the deposition patterns center about 
the ring-shaped element at which the 
flux-surface angle is zero. Often the de+ 
posit consists of a series of vertically dis- 
posed hourglass patterns centered about 
the zero flux-surface angle region or con- 
tinuous carbonized rings similarly located. 
The patterns usually form on a concave 
surface. Because the deposits grow over 
a surface from an initial deposit, long 
sweeping petticoats follow the flux-sur- 
face angle rule more closely than short 
choppy ones. And because carbon is 
brought near the dielectric surface pri- 
marily by fluid flow of oil, deep valleys 
between petticoats show some advantage. 
These principles have not been reduced to 
precise mathematical form, and modified 
constructions must be checked carefully 
by test. For example, some reduction in 
deposit was achieved by the special con- 
tour shown in Figure 9. Similarly the 
deposition of carbon on a 69-kv Herkolite 
insulated bushing, Figure 10(A), was pre- 
vented by the addition of a shield, Figure 
10(B), which eliminated areas of small- 
flux-surface angle. This construction 


limited areas with field parallel to insulator 
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surface and prevented deposition of carbon 


for discovery of a more conve 
method for accomplishing the same res 
which is described later. ‘a 

The apparent tendency to collec 
carbon in regions of zero flux-surfac 
angle can be illuminated by consideratic 
of the behavior of carbon particles in 
adjacent oil. According to Figures 5( 
and 5(B), the force of attraction on | 
carbon particle is approximately tk 
same for the 0-degree and 90-degree flux- — 
surface angles. However, when two or ~ 
more particles are presént a different 
picture is presented. The particles will be — 
attracted to each other by the high inter- — 
particle force and will line up like strings — 
of beads along the flux lines. If the flux is 
perpendicular to the surface, the string — 
of particles will lie perpendicular to the — 
surface. Only the first particle in the line — 
will touch the glaze, and this particle is 
held by the attraction to the next par- 
ticle more strongly than to the glaze. — 
Therefore, if this string should be carried — 
off by oil currents, it will take the first — 
particle with it, leaving a clean surface. 
This is consistent with the comparative — 
magnitude of forces shown in Table I and ~ 
has been confirmed by experiment. j 

If the flux-surface angle should be — 
gradually reduced, at some stage the 
image force on the second particle will — 
pull that particle to the surface. In like — 
manner, successive particles of the string 1 
will be drawn to the surface like a rope 
being laid on the floor. Because each of 
these particles then experiences the image 
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Hams 10. Field plot of experimental bushing showing area with field parallel to insulator 
surface (A), compared with a modified construction (B) incorporating a ground shield which 
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force of attraction it adheres to the glaze 
with sufficient tenacity to resist the effect 
of oil currents. 

This explanation was verified by pre- 
paring a number of pieces of thin metal 
foil about one-eighth inch square and 
curled up to simulate large scale models 


of carbon particles. These were placed 
on a horizontal polystyrene shelf ad- 
jacent to a vertical glass surface in oil. 
A horizontal electric field (7 kv per inch) 
was arranged so that it could be rotated 
with respect to the assembly. The model 
carbon particles had to be made of foil to 
decrease their weight and thereby in- 
crease the force-weight ratio. The ex- 
periment had to be run with care: if too 
strong fields were used, the particles 
generated the turbulence previously dis- 
cussed and moved out of the field. 

_A most interesting result occurs when 
seven or eight of the particles are grouped 
at the surface and the perpendicular field 
is applied. The foils quickly form a 
straight line perpendicular to the surface, 
with only one particle adhering to the 
surface, Agitation of the oil will pull the 
entire string away. If the particles are 
again grouped and the parallel field ap- 
plied, they form a line parallel to the 
surface with all of the particles adhering 
individually.” The resistance to oil agita- 
tion is high. «If an additional particle is 
placed on the surface near a perpendicular 
string, the particle will often move over 
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Figure 11. Bushings rated 
66 kv, after accelerated 
test run. Bushing on the 
left shows a pattern of dep- 
osition such as results from 
the field plot pattern of 
Figure 10(A). Bushing on 
the right shows the result 
of a coating of varnish 
having dielectric constant 
matching oil. Deposition 
of carbon was eliminated 


and join that string, pushing the other 
particles out one diameter. Placed near 
the center of a parallel string, an addi- 
tional particle will separate the string and 
take its place in line in contact with the 
surface, pushing the ends of the string 
apart by one diameter. This may be the 
mechanism which accounts for the hour- 
glass pattern of carbon deposition ob- 
served on bushings after accelerated 
carbon deposition test. The thin line at 
the center joining the two halves of the 
hourglass may collect particles and push 
them out along a flux line where they ac- 
cumulate at the end of the favorable flux- 
surface angle area. 


Effect of Dielectric Constant of 
Surface Layer 


If the conducting parts are rounded or 
well insulated, and if the bushing insulator 
surface is homogeneous, only the image 
force can act to draw and hold carbon 
particles to the bushing surface. And, as 
appears from equation 6, if the dielectric 
constant K, of the surface is equal to the 
dielectric constant K, of the liquid, the 
image of the carbon particle and the force 
associated with it vanish, and there should 
be no collection of carbon. 

This was first verified by wrapping a 
band of polyethylene sheet (dielectric 
constant=2.3) around the cylindrical 
portion of the bushing of Figure 7. After 
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the accelerated test run the area covered 
by the polyethylene was completely free 
of carbon; but the remaining surface 
showed essentially the same pattern of 
carbon deposition as in previous tests. 
This established the additional fact that 
deposition starting on an adjacent area 
will not spread over an area covered by a 
low dielectric constant coating. Numer- 
ous other verifications of these principles 
were obtained by application of varnishes 
(including one of polyethylene) to por- 
celain, herkolite, and other surfaces. 

Equation 6 can be used to predict the 
optimum performance which any ma- 
terial can offer as a surface layer if it is ob- 
tained and applied without crazing, in- 
clusions, or any kind of nonhomogeneity. 
In this way waste effort on basically un- 
satisfactory materials has been avoided. 
In addition, the range values from equa- 
tion 6 (Image Force, Table I) indicate the 
approximate required thickness of the 
homogeneous coating for various sizes of 
carbon particles. 

Table II lists the calculated relative 
force of attraction between a carbon par- 
ticle and various surface materials as a 
function of the dielectric constant of the 
material. The force is expressed in per 
cent of the value for a conventional glaze 
of dielectric constant 7. 

Although Table II does not include all 
of the materials evaluated by test, no 
homogeneous material has been tested 
which does not fit into the pattern of 
Table II. As is apparent from the table, 
and as was verified by test, changing 
from a conventional glaze to the lowest 
dielectric constant ceramic material avail- 
able reduces the force of attraction by a 
measurable amount, but this amount is 
not significant as regards improved ap- 
paratus performance. 

Equation 6 predicts a force of repulsion 
from the surface if the dielectric constant 
K, drops below that of the liquid Ko. 
This is checked for both 90-degree and 
O-degree flux-surface angles by the flux 
plots of Figures 3(A) and 4(B). Imagine 


Table Il. Calculated Relative Image Force on 
Particles near Insulator Surface 
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that the oil in the plots is replaced by a 
solid with an equal dielectric constant 
(polyethylene), and that the glaze is re- 
placed by a liquid with a dielectric con- 
stant of 7. Then if what was the glaze 
inclusion is regarded as a conducting 
particle in the high dielectric constant 
liquid, close examination will reveal a 
slight flux concentration on the right side 
of the particle in each case, showing a net 
force of repulsion from the boundary. 
All that has been verified experimentally 
is that Teflon (dielectric constant 2.0) 
tested in oil (dielectric constant 2.25) 
does not collect carbon. Actual observa- 
tion of the repelling action has not been 
accomplished. 

Figure 11 shows the benefit obtained 
from a low dielectric constant coating on a 
Herkolite-insulated 69-kv bushing. This 
figure shows two bushings from the same 
accelerated test run. The bushing on the 
left had only the regular treatment for- 
merly used and shows substantial deposi- 
tion of carbon on the areas of low flux- 
surface angle. The bushing on the right 
had the protection of a low dielectric con- 
stant coating and no carbon was de- 
posited. 

The construction of the latter now is 
in standard production. 


Appendix |. Derivation of 
Equations 


Force on a conducting sphere? in oil is 


0G 
F=K,a;?G = (7) 


G is maximum stress in any direction. 


To obtain equation 1 substitute E/C for G 
and divide by 


4 3 
w= Pte (8) 


Charge e in region H near infinite plane 
boundary produces field in H which is un- 
changed’ if image charge e’ is placed in 
opposite location in region Y and material of 
Y is replaced by material of H. 


9 AIOE 
= 
KutKY‘ a 
A dielectric sphere in a uniform field is 
represented® by a dipole of moment Mg. 


io Ree 


Mga 
Kg+2Ky 


KyaiG, (10) 


A conducting spherical particle in region 
Hina field perpendicular to the interface is 
represented by a dipole of moment M, with 
its positive axis pointing against the field 
direction. 


M.=KyaiGo (11) 


The field in region H is unchanged if 
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image dipole M;’ is placed in opposite loca- 
tion in region Y.and material of Y is re- 
placed by material of H. 
Ky-K 
= x 7 Kyac*Go 
Ky+Ky 
The field produced at the particle by the 
image is 


M.! (12) 


M,' cos 6 


13 
Kar (13) 


Fe = xGo 


Let 6=0 and differentiate twice with re- 
spect to x. 


oP 2M,’ 

—=G= — 14 
Ox Caves Kyx? ce 
2G _ 6Me ae 
Ox Kyx* 


Substitute equation 12 in equation 14 and 
15. Substitute E/C for G, E£o/C for Go, 
10-4), for ac, 2X10-*n for x, Ko for Ky, 
and Ky, for Ky. Then substitute equations 
14 and 15 in equation 1. to obtain equation 
6; reversing the sign for convenience. 

Substitute in equation 6 m/2 for n, and 
© for Kp, to obtain equation 2. 

Charge e in region H near infinite plane 
boundary produces field in region Y which 
is unchanged if e is replaced by e” and 
material of H is replaced by material of Y. 


” 2Ky 


2S (16) 
Ky+Ky 

A dielectric spherical particle in region H 
in a field perpendicular to the interface is 
represented by a dipole of moment Mg, 
equation 10, with its positive axis pointing 
against the field direction. The field in 
region Y is unchanged if Mg is replaced by 
Ma"and the material of H is replaced by 
material of Y. 


_2a*KyKyGo(Ky— Kn) 


Ma’ = 17 
(Ky+Ky)(Kg+2Kz) aD 
The field in region Y is: 
Ky Ma" cos 6 
P=— G,x—-——— 
Pane Ker (18) 


Let 6=0 and differentiate twice with 
respect to x. 


oP _,_Ka,, | 2Ma" 

dx Pet kas (19) 
oG _6Ma" 

ox Kyx* (20) 


Substitute equation 17 in equation 19 and 
20. Substitute E/C for G, KyE,/CKy for 
Go, 10~ 4b for a, 10-4m for x, Ky for Ky, and 
Ky for Ky. Then substitute equation 19 
and 20 in equation 1 to obtain equation 4, 
reversing the sign for convenience, 

; A dielectric spherical particle in region H 
in a field parallel to the interface is repre- 
sented by a dipole of moment Mg, equation 
10, with its positive axis pointing against 
the field direction. The field in region Y is 
unchanged if Ma is replaced by Mg", equa- 
tion 17, and the material of H is replaced 
by material of Y. The field in region Y is: 


Ma ” y 


LSC 
Ky(x?+-y?4-22)'/2 


oy 


(21) 
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Differentiate with respect to y, then let 


y=2=0, and differentiate with respect to x. 


Kcsdie ty eo ie 22 
oy OS ten (22) 
0G = 3M" 

dx Kyx! oe) 


Substitute equation 17 in equation 22 and 
23. Substitute E/C for G, E,/C for Go, 


10-4) for a, 10-4m for x, Ko for Ky/ and 


Ky for Ky. Then substitute equation 22 
and 23 in equation 1 to obtain equation 5, 
reversing the sign for convenience. 

With a field of G statvolts per centimeter 
at the surface of a conducting particle in oil 
the force per square centimeter produced by 
the electric field on the surface is 


K,G? 

F, =—— (24) 

83 

The total force produced by the field on 
the particle is 


K 
ee Ae cos ods 
8a 


Divide by equation 8, substitute E/C for 
G, and 10~‘b, for ac, to obtain equation 3. 

The primary assumption of the analysis 
is that the particles and inclusions can be 
represented by the same dipoles which 
represent spherical inclusions perfectly in a 
uniform field. In the calculations of range 
the errors approach zero because the spheres 
are relatively isolated. In the maximum 
F/W ratio calculations, the errors may be 
relatively large as shown following equation 
8. It has been found convenient in using 
the calculated forces to consider that the 
values are correct for radii of particles and 
inclusions which are slightly different from 
those given. 


(25) 


List of Symbols 


a=centimeter radius of small dielectric 
sphere 

a¢=centimeter radius of small conducting 
sphere 

b=microns radius of dielectric sphere 

b, =microns radius of conducting sphere 

C=300 volts per statvolt 

E=volts per centimeter 

o=volts per centimeter uniform field due 

to charges at infinity > 

e=electrostatic charge 

e’=electrostatic charge primary image 

e” =electrostatic charge secondary image 

F=dynes 

Fs =dynes per square centimeter 

G=statvolts per centimeter 

Go=statvolts per centimeter uniform field 
due to charges at infinity 

g=980 centimeters per second per second 

H=dielectric region separated from region 
Y by an infinite plane interface 


K,=dielectric constant of small particle or — 


glaze inclusion 
Ky=dielectric constant of region H or 
around a small particle 
Ko=dielectric constant of oil 
Ky=dielectric constant of insulator surface 
layer 
K Y=dielectric constant of region Y 
M-=moment of dipole 
c’=moment of primary image of dipole 


AIEE TRANSACTIONS 


; 
' 


Ma=moment of dipole 

Ma" =moment of secondary image of dipole 

m=104x 

n=5-108x 

P =statvolts 

r=(x?+ y?+ 22) 1, 

S=square centimeter surface area 

W=dynes net force of gravity on particle in 
oil 
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Discussion 


O. P. McCarty (General Electric Company, 
Schenectady, N. Y.): Messrs. W. R. Wilson 
and L. Wetherill have contributed a note- 
worthy analysis of the various factors af- 
fecting the deposit of carbon on insulating 
surfaces in electric fields. This problem has 
been a factor in the design of load-ratio- 
control contactors for the past 12 years. 
The observance in 1939 of carbon streamers 
forming on insulating surfaces led to the 
introduction of electrostatic shielding of 
load-ratio-control equipment. Operating 
rods are shielded by cylindrical metal rings 
at each end, spaced out from the rods, and 
electrically connected to the live and 
grounded parts. Insulating panels are 
shielded by flat plates, spaced out from the 
panels, and also connected to the live and 
grounded terminals. These shields relieve 
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x =centimeter distance in direction of force 
on particle or along line from real or 
image particle causing force to 
particle subject to force 

Y =dielectric region separated from region 
H by an infinite plane interface 

y=co-ordinate perpendicular to x 

z=co-ordinate perpendicular to x and y 

@=angle between normal to surface and 
total force 

p=grams per cubic centimeter net force of 
gravity on particle in oil. 
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the stress from a portion of the creepage 
path and thereby render that portion free 
of carbon deposits. Insulation protected in 
this manner will not collect carbon in con- 
tinuous streamers, and will not require 
cleaning throughout the long life of the con- 
tractor arcing tips. 

The studies of Mr. Wilson and Mr. 
Wetherill have resulted directly in the 
adoption of two important design improve- 
ments. A more homogeneous porcelain 
glaze is used wherever porcelain insulation 
is used in carbonized oil. On Herkolite 
panels and rods, a coating of insulating 
varnish with a low dielectric constant is 
used to reduce carbon deposits by reducing 
the image forces. 

With all of these various factors affecting 
carbon deposition better understood, fur- 
ther design improvement may be expected 
which will directly benefit the power system 
operators by reducing maintenance and less 
frequent servicing of apparatus. 
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L. Wetherill: Mr. McCarty has brought out 
in his discussion the fact that of the various 
methods available for avoiding accumula- 
tion of carbon on an insulator surface modi- 
fication of the shape of the conducting parts, 
either at line potential or grounded, to 
serve as electrostatic shields is in many 
cases the most convenient procedure; be- 
cause it is not dependent on the application 
or development of new materials. Mr. 
McCarty also brings out the advantage of 
using electrostatic shielding to inhibit 
carbon deposition in certain areas and thus 
maintain a desired minimum dielectric 
strength. 

The problem of finding a suitable solid 
insulating substance of dielectric constant 
substantially below that of insulating oil 
remains unsolved. Such a material would 
not only repel floating particles in a di- 
electric field but also would reduce the di- 
electric stress on the oil in the dielectric 
structure. 
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Operating Problems of Forced-Oil 
Forced-Aiir-Cooled Transformers 


A. L. HOUGH 
MEMBER AIEE * 
Synopsis: The adoption of forced-oil “Transformers in large sizes, and es- 


forced-air cooling for large power trans- 
formers by the electric industry has created 
a new problem for the operator of the equip- 
ment. The experience of this large utility 
has been that the supplier has not furnished 
a self-cooled rating for his product. The 
problem of determining the self-cooled rat- 
ing has thus fallen upon the purchaser and 
the operator of the equipment. This paper 
discusses the operating problems caused by 
the partial or complete loss of auxiliary cool- 
ing equipment of this type of transformer. 


HE technical press contains numer- 

ous publications on the advantages 
of applying forced-oil forced-air cooling to 
large power transformers. There is, also, 
a wealth of information on the operation 
of transformers with this type of cooling 
as to overload capacity with the coolers in 
service. The search of the technical 
press, as to operation with the coolers out 
of service, revealed the following: 

“To prevent injury to directed-flow 
forced-cooled transformers in case of an 
emergency created by an interruption of 
the power supply to the pumps and fans, 
these directed flow transformers may be 
designed to carry 100 per cent load for one 
hour or more after the pumps and fans 
have stopped. The temperature rise of 
the winding at the end of this period will 
not exceed the limit recommended by the 
ALEE Transformer Subcommittee In- 
terim Report.’’!? 


Paper 51-259, recommended by the AIEE Trans- 
formers Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Summer General Meeting, Toronto, 
Ont., Canada, June 25-29, 1951. Manuscript 
submitted March 9, made available for 
printing May 21, 1951. 
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pecially those with forced-oil forced-air 
cooling, have been equipped with thermal 
relays, which function if operating tem- 
peratures are exceeded (which may result 
from a loss of air or oil pressure). While 
some advocate tripping the transformers 
off the line when these relays operate, in 
our system the alarm gives a warning 
signal only.’’® 

It had been standard practice in our 
system to remove a transformer from 
service as soon as all fans and pumps were 
shut down. This general practice was 
adopted due to the recommendations of 
certain of the manufacturers regardless of 
whether the transformer was carrying 
load or excitation current only. It is not 
the best practice, due to customer reac- 
tion, to automatically and immediately 
shut down a transformer should the 
forced-oil forced-air cooling auxiliaries 
fail. It also was felt that, in certain 
cases, investigation as to the cause of 
failure could be carried out and emer- 
gency repairs effected before undesir- 
able temperatures would be obtained. 

The problem appeared to consist of 
several prominent aspects as follows: 


1. The determination of the self-cooled 
rating for various banks: Field testing 
under service conditions; and calculations 
for other conditions not readily obtainable 
in field tests. 


2. The most suitablé alarm and control 
system for the installation. 


3. Spare equipment such as fans and 
pumps required. 


Determination of Self-Cooled Rating 


It was agreed that field test data should 
be obtained on certain forced-oil forced- 


air-cooled transformers. The manufac- 


er 


turers were contacted to ascertain the 
risks and any special precautions that 
should be taken to carry out the pro- 
posed field tests and were invited to 


attend the test run on the transformer — 


which they had supplied. The initial 
testing was carried out in the late fall and 
early winter on five representative trans- 
formers. The test runs were to be limited 


to a top oil temperature of 65 degrees — 


centigrade or one and one half hours, 


whichever condition was reached first. — 


The manufacturers’ representatives were 
present for some of the test runs. In all 
but one set of test runs, the load was 
governed by operating conditions and 
varied throughout the test. The excep- 
tion was one set of test runs in which the 
load was held practically constant by 
using a separate generator at one of our 
hydraulic generating stations. The test 
data taken consisted of readings of top 
oil temperature, hottest spot temperature 
(if the transformer was equipped with 
hottest spot indicators), ambient tem- 
perature and load taken at 2-minute in- 
tervals. Typical test data on two rep- 
resentative transformers is shown in 
Figures 1 and 2, which show the variation 
of hottest spot rise and top oil rise with 
time. 

A study of the test results indicated 
that the transformers had a self-cooled 
rating, which was dependent upon the 
following: ambient air temperature, top 


oil temperature rise, hottest spot tem- — 


perature rise, wind velocity and load 
conditions both prior to and after the 
partial or complete loss of the cooling 
auxiliaries. 

The existing hottest spot indicators 
ere considered to be unreliable after 
oss of forced oil circulation and to be 
eading low. This is probably due to the 
fact that in forced cooling the heat trans- 
er from the winding to the oil is more 
effective for a given temperature rise.* 


The test results indicated that a period © 


of from 1/2 hour to 10 or 12 hours would — 


be available for emergency repairs. It 


was decided to repeat the tests under the 
high ambient of summer conditions and, 


at the same time, secure additional test — 


data. : 


| 
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TEMPERATURE RISE °C 


te) 20 40 60 80 100 120 140 
ELAPSED TIME MIN 


-------- HOT SPOT TOP OIL 
A+60% RATING AVERAGE AMBIENT - 7.2°C 
B=115% RATING AVERAGE AMBIENT ~ 5.5 °C. 


Figure 1. 20,000-kva unit winter test 


The summer tests were carried out 
after an additional search in the tech- 
nical press on cooling methods and ther- 
mal problems as they affect transformer 
design. Several papers on aging of in- 
sulation have been published, and it is 
more or less generally agreed that the rate 
of aging doubles for a definite tempera- 
ture increment. The transformer de- 
signers approached appear to disagree on 
the actual increase in the gradient average 


winding to hottest spot, with loss of oil 
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circulation. They indicate, however, 
that the gradient may increase from 50 
to 150 per cent. A limit of 65 degrees 
centigrade was set for the top oil tem- 
perature with no coolers in service for the 
summer tests. Two representative trans- 
formers (also used in the winter tests) 
were selected for the summer tests. The 
test data taken consisted of ambient tem- 
perature, top oil temperature, the tem- 
perature of the transformer tank at 


This information is shown in Table I and 
graphically in Figures 3, 4, 8, and 9. The 
load on the transformer was held prac- 
tically constant for the tests shown in 
Figures 3 and 8, while for the tests shown 
in Figures 4 and 9 there was no control 
on the transformer load, 

The variation of hottest spot rise as in- 
dicated on the hottest spot indicator, with 
forced oil and air circulation and thermo- 
siphon or natural circulation of oil and 
air, is shown in Figure 5. It should be 
noted that this curve was obtained on two 
identical units which were in parallel on 
both the high- and low-voltage sides when 
the readings were taken. 

It may be noted from Figure 4 that on 
the 20,000-kva unit, at 114 per cent of 
full load rating, the test was stopped when 
the hottest spot indicator reading was 85 
degrees centigrade and the hottest spot 
rise was 65 degrees centigrade. The 
Transformer Standard of the American 
Standards Association C-57-22° gives the 
maximum allowable hottest spot rise as 
65 degrees centigrade. This specification 
thus tends to specify the “safe tempera- 
ture’ at which the transformer could be 
operated. However, all loadings in this 
same publication indicate the “loss of 
life’ that may be expected to occur if 
these limits are exceeded. The life of a 
transformer of recent manufacture is un- 
known and to say that one would lose a 
portion of this unknown period of time is 
rather meaningless. The operator of the 
equipment would much prefer to know 
that he is operating at a “‘safe tempera- 
ture’ which could possibly be one at 
which the transformers would operate for 
an economic life, say, of 20 to 30 years. 

The data shown on Table I and Figures 
3 and 4 were not readily adaptable for 
field use in the individual substations. It 
was felt that we could apply the usual 
exponential equations for oil rise :5° 


t 


various levels above the base, hottest spot  %=(®u—@)(1—e 7 )+6% (1) 
temperature, wind velocity, load at 6- | 
_ ge 6 bu = Ou (KR4L)/(REL)I (2) 
minute intervals and, at the end of the 
test, the average winding temperature — _ (3) 
by the direct current resistance method. gna: 
Table |. Transformer Temperature Data 
Coolers 
Out of Top Hottest 
Unit Rating, Service, Top Oil Spot Average Ambient 
va Load Hours Oil Rise Rise Winding (Average) 
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TEMPERATURE RISE°C. 


0 
ie) 30 60 90 120 ISO 180 210 
~ ELAPSED TIME MIN. 


---------- HOT SPOT TOP OIL 
A=22% RATING AVERAGE AMBIENT —2°C 
B«6GOO%RATING AVERAGE AMBIENT — 2.1°C 


Figure 2. 50,000-kva unit winter test 


lee) GE 


C=0.06 (weight of core and coils)+0.04 
(weight of tank)+ 1.33 (United States 
gallons of oil) (5) 


where 


6,=top oil rise over ambient temperature 
(degrees centigrade) 

0, =fullload top oilrise (degrees centigrade) 

6; = initial oil rise for t= 0 (degrees centigrade) 

6,=ultimate oil rise for load (degrees centi- 
grade) 

7=thermal time constant of transformer for 
any load or any ratio of initial to 
ultimate oil temperature (hours) 

tr =time constant for full load beginning 
with initial temperature rise of 0 
degrees (hours) 

K =ratio of load to full load 

k =ratio of load loss to no load loss 

e=2.71828 

t=time load as applied in hours 

Pye =total loss at full load (watts) 

C=thermal capacity of transformer (watt 
hours per degree centigrade) 


In the application equation 1, the 
variables were not all available. The 
time constant 7 and ultimate temperature 
0, were unknown. The graphical solu- 
tion® to the exponential time curve was 
made to the 64 per cent rating curve of 
top oil rise for the 50,000-kva unit. This 
solution consists of drawing tangents to 
the curve and finding the temperature at 
which the cotangents are all equal. The 
temperature at which the cotangents are 
equal is the ultimate top oil rise and the 
cotangent is equal to the time constant 
for this particular curve. The graphical 
solution shown in Figure 6 gave r=7.83 
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Figure 3. 50,000-kva unit summer test 


hours and 6,,=86.8 degrees centigrade and 
6;=18 degrees centigrade. 

The calculated temperature rises, ob- 
tained from equations | to 5 inclusive, as 
shown in Appendix I, are compared to the 
actual test values in Table IT. 

The oil rise for any load other than 
those shown in Table II could be calcu- 
lated readily. In cases of partial loss of 
auxiliary cooling apparatus, the trans- 
former would be treated as a forced-air 
forced-oil-cooled transformer for all loads 
where the total losses were less than the 
capacity of the coolers remaining in serv- 
ice. Where the load is such that the 
total losses are greater than the capacity 
of the coolers in service, the curve of top 
oil rise can be calculated from equations 1, 
2, and 4. The main difference would be 
that the initial temperature 6, in equa- 
tion 1 would he in the order of 40 to 50 de- 
grees. 


TOP OIL 


Equations 6 and 7 give the hot spot rise 
for that steady condition in which the 
hot spot rise above the top oil rise is con- 
stant. This condition was unobtainable 
in our field tests, so no further attempt 
was made to calculate hot spot tempera- 
ture rise for either the 50,000-kva unit or 
the 20,000-kva unit. 


Control and Alarm System 


A contact-making voltmeter was in- 
cluded in the control circuit to protect the 
equipment on low voltage and to make 
the equipment auto-restarting upon re- 
covery of sufficient voltage after loss of 
voltage. 

The main problem for the alarm system 
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Figure 4. 20,000-kva unit summer test 


was to determine the most suitable type | 
of alarm indicators and the number re- — 
quired. There are transformers on this — 
system from several manufacturers and, — 
in general, they are equipped with one of _ 


the following types of flow indicator: a 


vane with a mercoid switch, a differential - ‘ 


pressure gauge with a mercoid switch and 


interposing relays in the motor circuits. | 
The alarm system ultimately selected — 
consisted of interposing relays in the 
motor circuits with alarm indication for — 
both starting and stopping the motor, a — 
high top oil temperature alarm and a low — 
oil level alarm. A schematic diagram of — 


the control circuit is shown in Figure 7. 


Table Il. Calculated and Actual Temperature Rise, 50,000 Kva Unit 


Top Oil Temperature Rise, Degrees Centigrade 


F Time, No Load 24.6 Per Cent Rating 64 Per Cent Rating \ 
A comparison of the actual test results Hours Calc Actual Calc. Actual Cale, Actual 
and the calculated values, given in Ap- 
pendix II, for the 20,000-kva unit is made 2 St Rae 260s ae PESOS dees hcivac : 20D ae By eRe es 26.2) ees 23.5 
ti Bee ee A ee eee | One rae 20 Ameeies. ° 24.3% Ana ee BDO ee CON Gta comer ee 33.510 eee 31.0 
in Table III. BR es Sorc we musa viree: males LN Ae 36.2. kstegsened Las ie ivan 39. Sinan 37.8 
In cases of partial loss of the forced-air eA oer Bae eae 30:2. ape omer MRS EEL eben Sau Jeol 45.,3).co eee 43.6 
; ae : Be ent eee Jie bee ce wl 
forced-oil coolers, similar calculations Uijaanas dnccapon IIA oe nace eile 
could be made, as indicated for the 50,000- ae ~— SS eee ees 
kva unit. Table Ill. Calculated and Actual Temperature Rise, 20,000. Kva Unit 
The hot spot temperature rise over top ———— = —— = 
oil is given by: me Top Oil Temperature Rise, Degrees Centigrade 
ane No Load 64 Per Cent Rating 114 Per Cent Rating 
Og = 99 ( pi) k**8 (6) Ours Calc. Actual Calc, Actual Calc. Actual 
where 1 8.25 a race LON S aac e alee 131i 1A Ds cba Nyaa Rane 17.6.3 heey 15.5 
Beviseseuerseee 11.6 eee: 1631 cine oeveaee 184 eee 192.2 cae 27° 1 oan eee 21.8 
#,=hot spot rise over top oil temperature 3 MBs nes, i é fan enenereys 2? 23.2 See 23.421 eee 35. 2haaeeeeeee 28.0 
(degrees centigrade) Bierce 19.4) /133)dad(0. ose a See 20.5 
(fi) =average copper rise over top oil at : me betes AUR Bs eine aces 34. Onpeee 33.8 
rated kilovolt-amperes plus 10 de- Shit aes ve i ia ie ae: 5 Puakae BE 60 aan oi 
pe Met cae Dnata kas aoc cule eee M2. cs 4ait 
Rearatip of losdicetetl load (7) LO eeree renee 878. cs gees 88.0.4 c40. 018 48.00. ne 
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COOLERS 


Spare Equipment 


Transformers of the forced-oil forced- 
air-cooled type on this system have been 
supplied by five different manufacturers. 
It may be of interest to note that trans- 
formers of this type on this system were 
ordered before Canadian transformer 
manufacturers were supplying the coolers. 
The cooling equipment for these trans- 
formers has not been manufactured in any 
instance by the transformer supplier. 
The coolers, as supplied, were manu- 
different concerns 
and was purchased by the operating 
company or the transformer manufac- 
turer as dictated by contract. One 
manufacturer of coolers supplied three 
different types of equipment. For 
this particular system the question of 
spares such as fans, fan motors, pumps, 
pump motors and so on, is quite 
serious. It should be readily apparent 
that a rather large inventory of spare 
equipment is required. Uniformity or 
interchangeability of this equipment 
would quite obviously reduce such an in- 
ventory of spares and promote quicker 
restoration of service in case of trouble. 


Conclusion 


The field tests have indicated that it is 
unnecessary to remove a forced-oil forced- 
air-cooled transformer from service im- 
mediately after the complete loss of the 
auxiliary cooling equipment. The time 
that the transformer can remain in service 
after the complete loss of cooling auxili- 
aries is dependent in general upon the load, 
both prior to and after the loss of auxil- 
iaries, the oil rise above ambient and the 
ambient temperature at time of the loss of 
cooling auxiliaries. The use of the ex- 
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COOLERS OUT OF SERVICE 
IN SERVICE 


Figure 6 (above). 


ponential time temperature curve using 
constants derived from field tests ap- 
pears to be a reasonably accurate method 
of determining the time available for 
emergency repairs or changes in system 
load distribution, to allow removal with- 
out too great a disruption to service. 

The hottest spot indicators installed on 
the forced-oil forced-air-cooled trans- 
formers on our system appear to be un- 
reliable when their use is most desirable. 
This is undoubtedly due to the change in 
thermal characteristics, caused by the loss 
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20,000 kva unit 64 per cent rating. 
17 degrees centigrade 
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SUPERVISORY LIGHT — eh 
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Graphical solution to 64 per cent top oil rise curve 


50,000-kva unit 


of the forced-oil circulation. One solu- 
tion might be to have a separate hottest 
spot indicator and detector for this condi- 
tion. 

It would appear desirable to have the 
supplier of transformers of the forced-oil 
forced-air-cooled type furnish a self- 
cooled rating for his product. This self- 
cooled rating should include the top oil 
rise and time constant and hottest spot 
rise and time constant at rated load. 

The study indicated that there was no 
standard for the alarm system in stations 
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Figure 7. Typical alarm and control circuit forced-oil forced-air-cooled transformer 
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where forced-oil forced-air-cooled trans- 
formers had been installed. Remedial 
measures are being taken to set up uni- 
form alarm systems along the lines in- 
dicated in this paper. 

The diversity of cooling auxiliaries for 
forced-oil forced-air-cooled transformers 
on our systems emphasizes the tremen- 
dous advantage to be gained by inter- 
changeability of equipment. 


Appendix |. Calculation of Top 
Oil Rise for the 50,000-Kva Unit 


From the acceptance of test data on this 
transformer the no-load losses=140,000 
watts; and load losses at full load = 274,500 
watts. 

Substituting these values and the values 
obtained from the graphical solution in 
equations 2 and 4 and solving: 


274,500 0:8 
(0.64)? 278500) +1 
4 (140,000) 
86.8 = 671 
274,500 
140,000 
67, = 129 
86.8 18 
D4 
ime = 129 ¥29 
(86.8) 25 (18) 1:25 
(129) (129) 
Tr= 1.72 


From equations 3 and 5 with the: 


Weight of core and coils =170,000 pounds 
Weight of tank =60,000 pounds 
Imperial gallons of oil =9,650. 


C=0.06(170,000)-+0.04(60,000)-++ 
(1.33)(1.20)(9,650) 


C= 27,742 and 
_27,742X129_. 
T 414,500 =o, ours 
1412 Hough 


+145 


than the value obtained from the graphical 
solution. The value obtained in the graph- 
ical solution will be used as the value 1, 
was calculated from a value of #7, obtained 
in the graphical solution. 

From equation 1 for the 64 per cent rating 
and with all the forced-oil forced-air cooling 
out of service: 


t 
pee epee ey ( 7 ae 
ate 
Pea ee moe (8) 
The solution of equations 2 and 4 for no 
load and 24.6 per cent of full load gives: 
t 


0 =31 At +23 at no load (9) 


t 
neat (ee =) +25 at 24.6 per cent 


rating (10) 


Appendix Il. Calculations for 
Top Oil Rise for the 20,000-Kva 
Unit 


The graphical solution to the 64 per cent 
rating curve for the 20,000-kva unit gave: 


6, =56 degrees and r=7.5 hours 


Substituting these values in equations 2 
and 4 and solving: 


6r,= 80.3 degrees and 7,=7.25 hours 


From equation 5 and with the: 


Weight of core and coils =72,000 pounds 
Weight of tank=40,000 pounds 
Imperial gallons of oil =9,875 

Watts loss at full load =178,310 


C=0.06(72,000)+0.04(40,000)-+ 
1.33(1.20)(9,875) 
C=21,700 


From equation 3: 


_ 21,700 X 80.3 
178,310 
Tr =9.66 hours 


SERRRESRERESREREEAS 


4 5 6 ie 
ELAPSED TIME HRS 


A=EXCITATION ONLY 


8 9 10s sti are 


AMBIENT TEMP. 

AVERAGE AMBIENT 22°C. 
AVERAGE AMBIENT 17°C. 
AVERAGE AMBIENT 20°C. 


Figure 9. 20,000-kva unit summer test 


It may be noted that this value is 33 per 


cent greater than the value obtained in the é 
As the test data was — 


graphical solution. 
obtained under adverse weather conditions 
of rain and wind and the load varied 


FS. Beas ae 


throughout the test due to operating condi- — 


tions, this error does not appear to be ex- 
cessive. 

Equation 2 at 64 per cent of load rating 
with @;=7 from Figure 4 becomes: 


t 
alee ayer (11) 


Similarly from equations 5 and 6 and 6; — 


from Figure 4 at no load: 


t 
Reh ey ae 


and at 114 per cent rating: 


Bax 
0) +7 
The calculated value of top oil rise from 
equations 11, 12, and 18, compared to the 


actual test values from Figure 4, is given in 
Table II. 


i ables (13) 
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Discussion 


S. N. Lawrence (Canadian General Electric 
Company, Toronto, Ont., Canada): We 
wish to commend Mr. Hough on the pres- 
entation of this paper in which he has 
drawn attention to thermal characteristics 
of forced-oil forced-air cooled transformers. 
We believe, that these characteristics are 
often overlooked by operating companies. 
We feel that a realization of the information 
Mr. Hough has presented will be a distinct 
benefit to operators when emergency con- 
ditions are encountered, as would result 
from the loss of auxiliary power. It also 
draws attention to inherent characteristics 
of different transformer designs that should 
not be overlooked when the purchase of such 
equipment is made. In this consideration 
the high thermal capacity of transil oil as 
indicated by its specific heat, should be kept 
in mind. 

In attempting to establish the short time 
“uncooled” rating of forced-oil transformers 
we must take into account two things: 
(1) the thermal capacity of the transformer; 
and (2) the transfer of heat from the wind- 
ings themselves into the oil. The radiating 
surface of the transformer tank is a very 
small percentage of the total required and 
can be neglected. Forced-oil forced-air 
cooled transformers have no continuous 
self-cooled rating. 

If the transformer is so constructed that 

it does not depend on the oil pump to main- 
tain a copious flow of oil through the core 
and windings, the flow of oil will be main- 
tained by natural convection with the oil 
pump shut off. The temperature rise of the 
windings over the oil adjacent to the wind- 
ings may be little different than when the 
pump is running, although there will be a 
larger gradient between the temperature of 
the oil at the top and at the bottom of the 
tank. If, on the other hand, the pump is 
relied upon to maintain the flow of cooling 
oil through the windings, its failure will 
cause a radical change in the heat dissipa- 
tion characteristics of the winding. In 
effect, the winding becomes a solid mass of 
copper and insulation with only the outer 
surfaces radiating heat to the main volume 
of oil. The windings will heat up much 
more rapidly and critical temperatures will 
soon be reached which have little or no 
relation to the temperature of the main 
volume of oil and cannot be measured. 

When the windings are so designed that 
the natural flow of oil is unimpeded when 
the pump is stopped, it becomes a relatively 
simple problem with the formulas Mr. 
Hough has used in his paper, to determine 
the transformer temperature rise versus 
time based on the thermal capacity of the 
oil, copper and steel for any kilovolt- 
ampere loading. 

In evaluating the advantages of forced- 
oil-cooled transformers designed to have 
natural flow of oil through the windings, 
the benefits of forced directed flow should 
not be overlooked. Conservation of mate- 
tial and over-all reduction in the size of 
transformers is possible through its use. 
This might be of greater value than to be 
able to maintain continuity of service for a 
longer period of time during some emer- 
gency condition which might never be 
encountered. 
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V. V. Mason (The Hydro-Electric Power 
Commission of Ontario, Toronto, Ont., 
Canada): This interesting paper deals with 
a subject which is of great importance to 
the utilities and provides useful test data to 
corroborate the methods of calculation used. 
The following remarks are concerned with 
the hot-spot temperature and its indication. 

It would be desirable to have more infor- 
mation on the nature of the hot-spot indi- 
cator installed in these transformers. It is 
assumed that these are the internal- 
thermal-image type which consist of a 
heater immersed in the top oil of the trans- 
former to provide a point at the tempera- 
ture of the winding hot spot. The theory 
of operation of this type of hot-spot indi- 
cator is, of course, that it is placed in the 
hottest oil and is so adjusted that its tem- 
perature rise over the adjacent oil will be 
the same as that of the hot spot. Under 
conditions of reduced oil flow, the tempera- 
ture rise over the oil of both winding hot 
spot and internal-thermal-image would be 
expected to increase. The amount of these 
increases will likely be different because of 
the gross imperfections of the image. 
However, under no condition should it be 
possible for the hot-spot indicator to register 
a temperature lower than that indicated by 
the top-oil temperature measuring device. 
That this should have happened as reported 
in the paper means that either (1) the hot- 
spot indicator, temperature-measuring de- 
vice is out of calibration, (2) the top-oil 
indicator, temperature-measuring device is 
out of calibration, or (3) the thermal image 
is not located in the hottest oil in the trans- 
former. Allowing the transformer to cool 
nearly to ambient temperature would indi- 
cate which of these possibilities is nearest to 
the truth. If it is the third of these which 
holds, then immediately one must ask 
whether the top-oil indication is correct or 
whether it too is not in the hottest oil. In 
conjunction with this, it would be most 
interesting to know where the top-oil tem- 
perature indicator and the thermal image 
are located with respect to the transformer 
core and coils and the cooler outlets. Also, 
the accuracy of indication of the hot-spot 
device under normal cooling conditions 
might throw some light on the reasons for 
the behavior reported. According to 
Figure 3 of the paper, even at the beginning 
of the test, the hot-spot indicator showed a 
lower temoverature than did the top-oil 
indicator. 

If the test was started from normal 
cooling conditions, then it is obvious that 
one of the temperature measuring devices 
isto blame. | 

It is stated in the paper that the effects 
of the reduced oil flow on the thermal 
differential (‘gradient’) from winding hot 
spot to average winding is apparently un- 
known. This is entirely true but need not 
be of concern because the quantity of im- 
portance is not the difference between hot- 
spot and average winding, but between the 
hot-spot and top-oil temperatures. It is 
this latter quantity which is affected directly 
by the changed rate of oil circulation and 
which may affect the winding and the 
thermal image differently. It appears that 
the change in this quantity is not taken 
into account in the calculations made and 
checked by the tests. These calculations 
appear to be for top-oil temperature only. 
Since it is the hot-spot temperature which 
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usually limits the operation of transformers 
at the higher loads, it is unfortunate that 
calculations of the winding temperature 
were not made. Since the time constant of 
the winding-over-oil rise is seldom greater 
than 15 minutes, it would appear from 
Figures 8 and 9 of the paper that at least 
an approximate calculation of this quantity 
could have been made for the conditions of 
the test. 

So far as the actual hot spot to 
average winding differential is concerned, 
the present writer is of the opinion that in 
a well-designed transformer, this will never 
be more than a degree or two greater than 
half the top-to-bottom oil differential. 
This latter quantity may be measured with- 
out too much trouble. 

The paper states that the tank tempera- 
tures as well as the top-oil temperatures 
were measured during the tests. It should 
therefore be possible to obtain values for 
the rise of the average winding over the 
average oil temperature as well as over the 
top-oil temperature. It would be most 
interesting to see a comparison of these 
figures with those obtained on the factory 
heat run. Even though ultimate tempera- 
tures were not reached, the winding rise 
over oil will have very nearly its ultimate 
value in the times for which the load was 
constant, 


A. L. Hough: It is a pleasure to thank 
those who took part in the discussion. The 
reaction of the various manufacturers to the 
problem presented has been most gratifying. 

In his discussion Mr. Lawrence has em- 
phasized that the forced-oil forced-air- 
cooled transformer has no continuous self- 
cooled rating. The paper was concerned 
with the short time self-cooled rating rather 
than the ‘‘continuous’’ self-cooled rating. 
If the transformer were to be designed to 
have a continuous self-cooled rating most 
of the advantages of forced-oil forced-air- 
cooling would be lost. 

Mr. Mason’s discussion has emphasized 
the inaccuracies that can be obtained with 
the reflected image type of hot-spot indi- 
cator. 

He has stated that in his opinion 
“the actual hot spot to average winding 
differential in a well designed transformer, 
will never be more than a degree or two 
greater than half the top to bottom oil 
differential.’’ For the 50,000-kva unit at the 
end of each test this would give a maximum 
gradient of 15.5 degrees centigrade for exci- 
tation only, 13.6 degrees centigrade for 25 
per cent rating and 9.5 degrees centigrade 
for 64 per cent rating. 

In the general discussion at the presenta- 
tion of the paper it was pleasing to note the 
reaction of the manufacturers to the prob- 
lem. It was mentioned that with the forced 
oil forced-air-cooled auxiliaries fed from a 
tertiary winding the loss of auxiliary power 
would be no problem as the bank itself 
would also be down. It is worthy of note 
that the auxiliary power from the tertiary 
winding can be lost without losing the bank 
and this has actually occurred in service. 
The tests have shown that it is possible for 
a utility to carry out field investigations 
with a fair degree of accuracy. The test 
data obtained is not considered confidential 
and will be made available to any utility 
interested in the problem. 
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Relative Performance of Normal Oils 
With and Without DBPC Inhibitor in 


Semisealed Transformers 


E. D. TREANOR 


FELLOW AIEE 


N AN earlier paper,! data on the per- 
formance of oil in small semisealed 
transformers were reported after runs of 
as much as 17 years under conditions ap- 
proximating normal operation. Normal 
and inhibited oils were included and cer- 
tain tentative conclusions were drawn as 
to factors influencing life as determined 
by an arbitrarily chosen end condition. 
Of the inhibitors used in these tests, 
none seemed to have the combination of 
characteristics that would make its use of 
great value. Toward the end of these 
experiments, however, 2,6 ditertiary butyl 
para cresol, commonly known as DBPC, 
became available and was exploited as an 
inhibitor for transformer oils.2? It has 
since come into very general use. Data 
on its performance in normal oil in the 
perspective of the earlier tests are desir- 
able, but it is obviously impossible to ob- 
tain these data on the same basis quickly. 
However, the earlier tests indicated the 
possibility of getting information of value 
from accelerated runs and a different 
criterion for determining life. Previous 
runs at abnormal temperatures had 
shown behavior within the expected range 
and, by running at high temperature and 
comparing times for the first appearance 
of sludge, which can be determined fairly 
definitely, it was thought that this and 
other characteristics would offer informa- 
tion on the relative life of normal and 
DBPC inhibited oil in the shortest time. 
On the point of what constitutes life of 
oil, there seems to be a wide diversity of 
opinion among operators. Presumably, 
this is based on cost considerations; that 
is, the amount of observation, mainte- 
nance, or reclamation, or replacement 
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E. L. RAAB 


ASSOCIATE AIEE 


which is considered justifiable under par- 
ticular conditions. One extreme view is 
that no sludge should be permitted. This 
will require meticulous knowledge and 
very active maintenance or reclamation 
program and will, of course, be based on 
the determination of the first appearance 
of sludge. 

The other reasonable extreme might 
be that chosen in our earlier studies; 
that is, an amount of accumulated sludge, 
1 per cent, and acid (1 milligram KOH 
neutralization) which has not yet af- 
fected the operating characteristics of the 
transformer, but which indicates the de- 
sirability of corrective action within a 
reasonable time. 

Between these extremes, intermediate 
values of sludge and acid are chosen by 
individual operators, and there will 
probably continue to be some divergence 
of opinion. For the purpose of providing 
some basic data, accelerated runs have 
been started on small transformers with 
10-C oil, 10-C plus 0.3 per cent DBPC, 
and 10-C plus 0.4 per cent DBPC. Data 
so far accumulated are being reported 
because of the general interest in the sub- 
ject and the paucity of data from actual 
transformers. 


Methods of Test 


Power Factor of Transformers—Scher- 
ing-bridge connections applied to the 
high-voltage bushing terminals and to the 
low-voltage terminals, core and tank in 
common, ‘Two thousand volts, 601 
cycles, were applied to the high-voltage 
side. Measurements were taken at room 
temperature. 


a 


Power Factor of Oil—In accordance 
with ASTM D 117-47T4 at an applied 
stress of 30 volts per mil alternating cur- 
rent and a temperature of 100 degrees 
centigrade. 


Resistivity of Oil—In accordance with 
ASTM D 117-47T at an applied stress of 
5 volts per mil direct current, a tempera- 
ture of 100 degrees centigrade, and a total 
electrification time of one minute. 


Dielectric Strength of Oi—ASTM D 
117-47T. 


Moisture Content of Oil—In accordance 
with visual Karl Fischer method. 


Color of OI—ASTM D 117-47T. 

Acidity of Oil—ASTM D 117-47T. 

Interfacial Tension—In accordance with 
the method under consideration by ASTM 
Committee D-9, Subcommittee IV. 


Bomb Oxidation Sludge of OiI—ASTM 
D 670-42T,>5 Method B. 


Color of Bomb Oxidation Oil—Normal 
ASTM color taken on centrifuged oil 
sample after the bomb oxidation test. 

Visual Condition of Oil—Oil samples 
withdrawn from the transformers at the 
operating temperature (95 degrees centi- 
grade) and observations made for the ap- 
pearance of a sludge cloud as the samples 
were cooled to 25 degrees centigrade. 


Per Cent Unreacted DBPC—Method 
now under survey and subject to further 
modifications. 


Viscosity—Saybolt viscosity taken in 
accordance with ASTM D 117-47T. 


Four Point—ASTM D 117-47T. 


Discussion of Data Obtained 


Inasmuch as the purpose of this study 
was to obtain as accurate a comparison 
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-C OIL 
18.0 -C OIL+03 % DBPC 
-C OIL+0.4 % DBPC 


e =10-C OIL 
© s10-C OIL + 0.3% DBPC 
x #10-C OIL +0.4 % DBP 


OIL POWER FACTOR -%— 


12 14 16 


Figure 1. 
operation. 
centigrade 


as possible of the oxidation stability 
characteristics under transformer operat- 
ing conditions of the three oils investi- 
gated, rigid precautions were exercised to 
insure that the only variable present was 
the difference in inhibitor content. The 
5-kva transformers used were identical as 
to design, materials, and methods of 
handling. The base 10-C oil for all three 
transformers was obtained from the same 
drum, the only difference in the oil used 
in filling the transformers being the indi- 
cated inhibitor additions to the oil prior to 
filling such transformers. 

These transformers were not tightly 
sealed and can be classed as semisealed 
transformers, in that no special precau- 
tions were taken to exclude air. The tests 
were run under load conditions at a fixed 
ambient temperature and were accel- 
erated by the use of a high top-oil tem- 
perature and continuous duty. 

The coil temperatures were maintained 
at approximately 105 degrees centigrade 
(average) and 115 degrees centigrade 
(hot-spot) with a top-oil temperature of 
95 degrees. Photographs were taken 
periodically of the core and coils, but any 
sludge formed was not disturbed and 
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18 20 22 
WEEKS ON TEST 


Semisealed transformers with 95-degree centigrade top oil 
Comparison of oil power factors taken at 100 degrees 


RESISTIVITY - OHM/CMS x 10 '*— 100°C 


24 26 28 


oil operation. 


the test schedule was arranged in such a 
fashion that no make-up oil would be re- 
quired during the period of test. 

The initial condition of the oil was 
checked just prior to the start of the life 
test, as were certain electrical charac- 
teristics of the transformers. Periodic oil 
samples were taken at the operating tem- 
perature of the transformer and tested 
for: 


Power factor—transformer 
Power factor—oil 
Resistivity 

Dielectric strength 
Moisture content 

Color 5 
Neutralization number 
Interfacial tension 

Bomb sludge 

Bomb color 


Table |. Insulation Power Factor at Room 


Temperature (%) 


Description of Liquid Weeks on Test 
Type 0 2 13 24 


NOE Ce colette can Biaici-cyaca a 0.55. .0.84. .0.91. .1.52 
10-C oil+0.3% DBPC...0.60..0.74. .0.68. .0.83 
10-C oil+0.4% DBPC...0.60..0.66..0.73..0.79 
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10 12 14 6 18 
WEEKS ON TEST 


20 22 24 26 28 


Figure 2. Semisealed transformers with 95-degree centigrade top 
Comparison of d-c resistivity of the oils tested at 100 


degrees centigrade 


Visual condition 

Unreacted inhibitor content 
Viscosity 

Pour point 


In addition, periodic electrical tests 
were taken on the transformers as a 
unit. 

While this study has not been com- 
pleted as yet, it has progressed far enough 
to indicate a considerable improvement in 
oil life when the DBPC inhibitor is pres- 
ent and oxygen is not excluded. It is our 
intention that this series of tests will con- 
tinue until the inhibitor has been ex- 
hausted in each case and that an addi- 
tional indeterminate period of testing is 
then desirable in order to ascertain the 
behavior of the inhibited oils after the in- 
hibitor has become exhausted. The final 
step in each case will consist of a measure- 
ment of the amount of sludge present 
following the technique previously re- 
ported. 


Power Factor of Transformers 
The power factor of the transformers 


was measured periodically by applying 
the bridge connections to the high-voltage 
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e =10-C OIL 
©=10-C OIL+ 0.3% DBPC 
x =10-C OIL+ 0.4% DBPC 
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Figure 3. 

operation. 


10-C oil 


bushing terminals and to the low-voltage 
terminals, core and tank in common. 
The results are shown in Table I. 

While the increased power factor with 
time noted, particularly for the  trans- 
former containing the uninhibited oil, 
normally could not be conclusively at- 
tributed to the oil deterioration, subse- 
quent data to be shown give some cre- 
dence to the belief that the rising power 
factor for the 10-C oil-filled unit is pri- 
marily because of oil degradation in this 
instance. It is of some interest to note 
that the first sludge deposited out of oil 
solution when oil samples were cooled 
from operating temperature to 25 de- 
grees centigrade was obtained after eight 
weeks of life for the 10-C oil. No such 
sludge has been obtained for either of the 
inhibited oils to date. 


Power Factor of Oil 


Figure 1, comparing the 100-degree 
centigrade power-factor curves of the 
three oils, indicates a definite inhibitor 
life period for the inhibited oils which has 
not been exceeded to date. The 10-C 
oil, however, has deteriorated steadily 


1416 


Semisealed transformers with 95-degree centigrade top oil 
Comparison of the oil color change of the inhibited oils and 


OIL ACIDITY —- MG KOH/GM OF OIL 


O-C OIL + 
0.4% DBPC 


18 20 22 24 26 28 


through progressive oxidation as evi- 
denced by the steadily increasing power- 
factor values secured. At the end of 24 
weeks of life, the power-factor values of 
both inhibited oils are approaching the 
power-factor value of the 10-C oil 
secured at eight weeks’ life when oil in- 
soluble sludge was first detected at 25 de- 
grees centigrade. 

It should probably be pointed out that 
while the power-factor test on the oil as 
used here where the conditions were con- 
trolled is apparently a good criterion of 
progressive oil deterioration, the values 
obtained under other aging conditions in 


Table Il. Oil Color After Bomb-Oxidation 
Test 
Description 
of Liquid Weeks on Test 
Type 0 4 8 12 16 20 24 
10-C oil... .. 33/4. .4 Bg SAY Ge ein wi 5 ..41/4 
10-C oil+ 
0.38% 
DBPC... .41/¢..41/4..4 » AY/g. 41/9. 41/9. 4 
10-C oil-++ ee 
0.4% 
DBPC.,.. 41/4. 41/4. 41/4. 41/4, .41/s Schouten 3 4l/, 


8 10 12 14 16 


1@ 20 22 24 26 28 


WEEKS ON TEST 


Figure 4. Semisealed transformers with 95-degree centigrade top oil 
operation. Comparison of the measured acidity in the inhibited oils 


and 10-C oil 


apparatus can be influenced by moisture 
and soluble contaminants, as well as by 
the oil deterioration products. It may, 
however, prove to be of some value for 
predicting the end of the inhibitor life 
period for such oils. 


Resistivity of Oil 


Figure 2 illustrates the steady decline 
in the d-c resistivity values of all three 
oils, with a more rapid reduction being 
observed for the 10-C oil. While the in- 
hibitor life period is not as pronounced 
for this property as was evidenced by oil 
power-factor comparisons (Figure 1), 
there is a definite advantage apparent 
for both inhibited oils. 


Dielectric Strength of Oil 


The dielectric strength of the oil was 
measured periodically at 25 degrees centi- 
grade on samples removed at the operat- 
ing temperature from the top of each 
transformer. om 

The average values secured for each 
sample tested exceeded 30 kv in every 
instance. 
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Figure 6 (right). 
top oil operation. 
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Comparison of the water-oil interfacial tension values 0.08 
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Moisture Content of Oil 


During these tests the moisture content 
of the oils reduced from initial average 
values of 34 parts per million to present 
average values of 26 parts per million. 


Color of Oil 


While the color increase of an oil in 
service is not an infallible indicator of 
oxidation, in these tests it can be assumed 
to be of distinct value in a comparative 
sense, in that all other variables have been 
eliminated. 

Figure 3 clearly indicates the 
beneficial effects by the inhibitor under 
evaluation in retarding oil deterioration, 
although no apparent difference between 
0.3 per cent by weight of inhibitor and 
0.4 per cent by weight in the oil has been 
found to date. 


Acidity of Oil 


The amount of acidic material de- 
veloped as the oils oxidized and deterio- 


rated which could react readily with 
potassium hydroxide is illustrated in 
Figure 4. Here again, a marked ad- 
vantage was secured for those oils con- 
taining the inhibitor, although no prac- 
tical difference has been found to exist 
between the two inhibited oils to date. 
Why there should be any definite acidic 
formation for the inhibited oils when other 
test data clearly indicate that the in- 
hibitor present has not been exhausted, is 
open to some speculation, It may well be 
that some small acidity is developed dur- 
ing the normal functioning of this in- 
hibitor with a conventional-type base 
oil. Another factor which may con- 
tribute to some slight acidity develop- 
ment is the possibility that small amounts 
of oil-soluble insulating materials may be 
present which in themselves are oxidizing 
to produce acidic materials, and whose 
deterioration is not blocked by the pres- 
ence of the inhibitor. Although con- 
tinued effort is being made to reduce the 
total amount of such oil-soluble ma- 


Ze le 

fs ee - ye. o 

iw 10-C OIL + 0.3 % DBPC ne as | 
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WEEKS ON TEST 


terial, which can come from any or all of 
the solid insulating materials used, it is 
obvious that a practical economic balance 
must be considered. 


Interfacial Tension of Oil 


While there is rather general recogni- 
tion of the value of the interfacial-tension 
test as a guide in following the oxidation 
deterioration of oils tested under definite 
laboratory conditions, some controversy 
does exist as to its merits as the sole 
guide for oil life under actual service con- 
ditions. The test admittedly does not 
differentiate between those oil-soluble 
polar materials formed by oil oxidation 
and those dissolved in the oil from the 
various solid materials present.® 
pointed out previously in the discussion of 
the oil-acidity development, every effort 
is made by the manufacturer to keep the 
oil-soluble polar materials from solid in- 
sulating materials at a practica] mini- 
mum consistent with good economics. 


As 


Table Ill. Wisual Conditon of Oil at 52 Degrees Centigrade 
Weeks on Test 
Description of Oil Type 0 1 2 4 6 8 10 12 14 16 20 22 24 
ato Ae ..Clear...Clear...Clear...Clear...Slight cloud... .Slight cloud...Cloudy...Cloudy...Cloudy...Cloudy...Cloudy..,Cloudy 


> 


10-C oi1+0.3% DBPC 


Clear 


> 


10-C oi1+0.4% DBPC 


Clear 
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11-Weeks'’ on test 


Figure 7. 


24 Weeks’ on test 


Figure 10. 


Figure 5 indicates that all three oils 
yielded a rather rapid drop in interfacial- 
tension values to the zone (between 15 
and 20 dynes per centimeter) where many 
operators would predict a sludging condi- 
tion. Contrary to such an expectation, 
the inhibited oils gave no indication of 
any sludge formation and have not to 
date, although normal sludging has been 
taking place in the 10-C oil after eight 


1418 


10-C oil 


10-C oil 


Figure 8. 
DBPC 


Figure 11. 


weeks on test. This leads to some uncer- 
tainty as to the role of the interfacial ten- 
sion as the sole guide for oil life in ap- 
paratus, 

For these studies and others, 
we have never secured organic sludge 
when the interfacial tension exceeded 20 
dynes per centimeter ; however, we have 
found oils which have lasted a remark- 
ably long time after the interfacial tension 
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10-C oil+0.3 per cent 


10-C oil+0.3 per cent 
DBPC 


4 


Figure 9. 10-C oil-+-0.4 per cent 


DPBC 


Figure 12. 10-C oil+0.4 per cent 


DBPC 


has been reduced to the so-called sludg- 
ing zone: 


Bomb Oxidation Sludge of Oil 


Figure 6, comparing the high-pressure 
oxidation sludge characteristics of the 
oils under evaluation is significant in 
several respects. It is readily apparent 
from the essentially flat curves obtained 
for both inhibited oils that the ends of the 
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inhibitor life periods are not being ap- 
| proached yet, even after 24 weeks on test. 
Contrary to this, the 10-C oil oxidation 
deterioration proceeded in a normal 
“manner as evidenced by the steady rise 
in the bomb-sludge values secured up to 
the 20-week period. The drop-off in the 
bomb-sludge value after the 20-week 
period is not abnormal for an uninhibited 
oil in service and may be attributed to the 
removal of certain oxidation products 
from oil solution as sludge, thereby re- 
ducing the total amount of material 
available in the oil at the time of sampling 
subject to sludge formation under the 
oxidizing conditions of the high-pressure 
bomb-oxidation test. This same phenom- 
enon has been noted for certain oils 
being evaluated by the American Society 
for Testing Materials under service con- 
ditions.” 

The marked contrast between the 
curves secured for the inhibited oils and 
the one obtained for the uninhibited oil 
again illustrates the advantage of the in- 
hibited oils and also points toward this 
test method as a possible effective tool for 
predicting the end of the inhibitor life 
period. It is interesting to note that for 
the uninhibited oil, sludge was first noted 
in the oil sample withdrawn at the operat- 
ing temperature when cooled to 25 de- 
grees centigrade after the 8-week period. 
This period is when the bomb-sludge value 
of the oil was increasing rapidly as noted 
in Figure 6. 


Color of Bomb Oxidation Oil 


Color numbers taken on the oils after 
the bomb-oxidation tests have been per- 
formed yield an interesting comparison, 
further substantiating the viewpoint. that 
an apparent improvement in uninhibited 
oil may occur at an advanced stage of de- 
terioration because of precipitation of 
products of deterioration. These results 
are given in Table II. 


Visual Condition of Oil 


Inasmuch as one of the primary func- 
tions of a good oil oxidation inhibitor is 
to retard or prevent the formation of oil 
sludge for a period of time, it was de- 
cided for this study to secure a direct com- 
parison of the times required for the first 
appearance of sludge at 25 degrees centi- 
grade for each oil. This could be easily 
done in this instance where all sample 
withdrawals were made at the operating 
temperature of the transformers and the 
visual oil condition observed as the 
samples were cooled to 25 degrees centi- 
grade. Confirmation of an oil sludge 
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Table IV. Unreacted DBPC Content (%) 


Description 
of Liquid 
Type 0 8 12 16 20 24 


Weeks on Test 


10-C oil+ 

0.3% 

DBPC...0.29. .0.28..0.29..0.26. .0.27..0.23 
10-C oil+ 

0.4% 

DBPC...0.39..0.40. .0.34. .0.33..0.34..0.31 


cloud upon cooling the oil was obtained 
by centrifuging such oil and removing the 
oil by washing with precipitation naph- 
tha. Normally the first appearance of 
sludge is no criterion of an oil’s service- 
ability because some oils will sludge early 
in their life but have a slow rate of sludge 
formation thereafter, whereas other oils 
may exhibit sludge formation compara- 
tively later in life but have a rapid rate of 
formation subsequently. In this instance, 
however, we were trying to evaluate the 
efficiency of the DBPC inhibitor in solu- 
tion in 10-C oil. It has been pointed out 
in an earlier publication! that, dependent 
upon design and operating conditions, 
some sludge can be tolerated in trans- 
formers without impairing operating 
efficiency. Table III illustrates the visual 
condition of the oil samples as described. 

While no sludge cloud has been obtained 
for either inhibited oil as yet, sludge was 
observed after eight weeks on test for the 
10-C oil. Further confirmation was 
secured by carefully untanking the core 
and coils for photographing. Figures 7, 
8, and 9 compare the visual appearance 
of the core and coils after 11 weeks on 
test of the 10-C oil, 10-C plus 0.3 per cent 
DBPC, and 10-C oil plus 0.4 per cent 
DBPC transformers respectively. Small 
amounts of sludge can be detected on the 
top of the iron supports and on the por- 
celain for the 10-C oil unit. None is ap- 
parent for either of the inhibited oil units. 
In addition, it is interesting to note that 
the color of the windings for both inhib- 
ited oil units is considerably lighter than 
that of the 101C oil unit. Figures 10, 11, 
and 12 were taken after 24 weeks on test 
and are for the 10-C oil, 10-C oil plus 0.3 
per cent DBPC, and 10-C oil plus 0.4 
per cent DBPC units respectively. The 
same comparisons are again apparent, 
although no marked increase in the 
amount of sludge formed between 11 and 
24 weeks is noted for the 10-C oil unit. 


Per Cent Unreacted DBPC in Oil 


While the method currently in use for 
the determination of the unreacted 
DBPC content of an oil is not of proven 
validity, the results obtained to date for 
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the two inhibited oils under test here are 
of some interest. Table IV illustrates the 
reduction in the unreacted inhibitor con- 
tent of the oils under test with time. In- 
asmuch as the method is based upon a de- 
termination of the cresol group and is not 
influenced by any changes in the diter- 
tiary butyl groupings, changes may be 
taking place in the inhibitor which are 
not indicated by this method and any 
conclusions based on the indicated in- 
hibitor consumption rate cannot as yet 
be substantiated. 


Viscosity of Oil 


No significant changes in the Saybolt 
universal second viscosities were ob- 
tained for any oil samples tested to date at 
100 degrees Fahrenheit. The oil tested 
at 55 Saybolt universal seconds. 


Pour Point of Oil 


No change in the pour point (—57 de- 
grees centigrade) has been observed for 
any oil samples tested. 


Additional Laboratory Studies of 
Interest 


At the Transmission and Distribution 
Committee Meeting of the Edison Elec- 
tric Institute held on October 20, 1950, a 
discussion was presented on various as- 
pects of the application of the DBPC in- 
hibitor to conventional transformer oil.? 
Because of its attractive characteristics as 
an oxidation inhibitor, this material also 
has been studied with some care to see if 
there were any characteristics: which 
would prove objectionable in its use in 
transformers. While we have found none 
that we regard as serious, it seems worth- 
while to note some of the characteristics 
of the 10-C plus the DBPC inhibitor that 
differ from those normally accepted for 
10-C oil. 

For an inhibitor concentration in the 
range of 0.3 per cent by weight, no prac- 
tical differences were observed as com- 
pared to 10-C oil for the 60-cycle or im- 
pulse-breakdown characteristics, the im- 
pulse creepage strength of oil-impreg- 
nated rag pressboard or the 60-cycle 


Table V. Moisture Saturation Level of Oil 
at 25 Degrees Centigrade Exposed to Ajir at 
57 Per Cent Relative Humidity 


Oil Type Moisture in Oil (ppm) 
NO=C tose aeyereeetateesti yo spinors eget ets ein 43 
10-Gcol-OPS97 ID BPC... «sine varies 52 
LO: Cone 2O oD BEC ci pe oo tiserekeye ae 95 
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Table VI. Per Cent Sludge Formation at 120 
Degrees Centigrade ASTM D 670-42T, 
Method A 

Days on Test 
Oil Type Onnen7: wil Fil oe 
10:Groil-ce ee es 0..0.15 ..0.25..0.29. .0.28 
10-C oil +0.3% 
DBPCs. saa 0..0.005. 0.04. .0.37..0.44 


creepage strength of oil-impregnated rag 
pressboard, At higher inhibitor concen- 
trations of the order of 20 per cent by 
weight, however, a definite reduction 
ranging from 15 to over 20 per cent was 
observed for the impulse strength of the 
oil and for the impulse creepage strength 
of oil-impregnated rag pressboard, This 
indicates that heavy concentrations 
should be thoroughly dispersed as a pre- 
caution before energizing equipment. 

The presence of the DBPC inhibitor in 
10-C oil has the effect of raising the 
normal saturation level of water in oil. 
This is shown in Table V. 

For the inhibitor concentration in 
normal use (approximately 0.3 per cent 
by weight), this does not seem to be a 
serious fault with proper attention to 
maintenance and particularly where the 
supply or introduction of moisture is 
limited in transformers of modern con- 
struction. 

The effectiveness of the inhibitor in oil 
seems to decrease at high temperature; 
for example, 120 degrees centigrade. 
This should not detract from its proven 
value in the usual operating range of full 
load and normal overload. One example 


of such decreased effectiveness at high 
temperatures is given in Table VI. 


Observations and Conclusions 


1. The DBPC inhibitor is an effective 
oxidation inhibitor as shown by the 
general improvement observed for the 
majority of the oil characteristics. 

2. These transformer studies are in- 
complete and it is our intention to con- 
tinue until after the inhibitor has been ex- 
hausted. 

3. These studies do not directly form 
a basis for evaluation of benefits to be 
derived from the use of inhibited oil in 
transformers equipped with oil preserva- 
tion means, nor do they embrace all of the 
criteria necessary to successful operation 
in other types of apparatus. 

4. Certain characteristics of the in- 
hibitor with 10-C oil. have been consid- 
ered, such as the decreased effectiveness at 
high temperature, the increased moisture 
saturation level, and the decrease in di- 
electric strength secured under certain 
conditions. 

5. The oxidation bomb test and pos- 
sibly the 100-degree centigrade oil power 
factor test may be useful tools for predict- 
ing the approaching end of the inhibitor 
life period of DBPC inhibited oil in service. 

6. The first appearance of insoluble 
sludge as an arbitrary criterion of the end 
of oil life is considered to be unrealistic 
for uninhibited oils because it is no in- 
dicator of the rate at which sludge will be 
deposited from oil solution. Some oper- 
ators, however, have expressed the inten- 
tion of maintaining their oil so that sludge 
will never be formed. With such a view- 


point in mind, data on the relative periods 
before the first appearance of sludge in the 
inhibited and uninhibited oils may be of 
value, and such a comparison will throw 
light on the efficiency and inhibitor life 
period of this inhibitor in 10-C oil, The 
tests reported in this paper show that, 
with the exception of the interfacial ten-_ 
sion and bomb test all other oil eharac-_ 
teristics have now reached approx’- 
mately the same levels noted for the first 
appearance of sludge in the uninhidited 
oil after eight weeks of life. The in- 
dication that the life of normal oil is 
extended by the order of two to three 
times when DBPC is added to the extent 
of 0.3 per cent and where oxygen is not. 
completely excluded, may be useful in 
economic evaluations for the use of this 
inhibitor in normal oils. 
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Discussion 


Frank C. Doble (Doble Engineering Com- 
pany, Belmont, Mass.): This excellent 
paper reports on a thorough study of the 
effects of DBPC-inhibited oil on small semi- 
sealed transformers. The subject is most 
timely in view of the recent exploitation of 
inhibited oils by the manufacturers of dis- 
tribution transformers. 

The authors are careful to point out that 
the information contained in the paper 
applies only to a particular class of distribu- 
tion transformer. Nevertheless, because of 
the lack of data on the use of DBPC- 
inhibited oils in power transformers, some 
operators will undoubtedly try to extend 
this information to cover the power trans- 
former field. If this is done, some of the 
conclusions must be modified. For ex- 
ample, the conclusion is drawn from the 
curve in Figure 5 that interfacial tension is 
not a good guide for the determination of oil 
life. The criticism is valid for distribution 
transformers in which the oil is exposed to 
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varnishes and other materials which can 
contaminate it. In the case of a modern, 
properly maintained power transformer, 
however, the degree of contamination is so 
low that the interfacial tension value can be 
a reliable index of oil life. 

The statement that it is an extreme view 
to allow no sludge in a transformer may be 
admissible in the case of distribution trans- 
formers. It is not an extreme view in the 
case of power transformers, where to main- 
tain oil free from sludge is a feasible operat- 
ing practice. 

The authors’ conclusion that DBPC is an 
effective oxidation inhibitor is in agreement 
with our experience covering several years. 
The comment that DBPC loses its effective- 
ness at high temperatures might be ampli- 
fied by including the effect of time. It 
should be noted that ASTM Standard 
D670-42T,! method A, calls for a maximum 
time of 14 days at 120 degrees centigrade. 
Table VI shows definitely that the inhibitor 
is effective during this period. 

My concern that information on this im- 
portant subject should be properly corre- 


lated by the Institute led me to propose that 
a special group be organized by the Institute 
for this purpose. It is encouraging to note 
that a subcommittee under the Transformer 
Committee has recently been established to 
deal with insulating oil as it affects trans- 
formers. An independent committee on 
insulating oils still seems to be indicated in 
view of its many other applications in the 
electric industry. 


REFERENCE 


1. See reference 5 of the paper. 


T. K. Sloat (Westinghouse Electric Corpora- 
tion, East Pittsburgh, Pa.): This paper has 
shown a very interesting phase of inhibited 
oil studies. If we plot acid values versus 
time for sealed or inert-gas protected oil in 
transformers we find there is very little or 
no change except after long periods of time. 
However, for inhibited oil in semisealed 01 
free breathing transformers the increase in 
acid value is slower than with uninhibited 
oil but there is still a significant increase. 
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Yhis suggests that the greatest advantage 
of the inhibited oil can be realized in dis- 
tribution transformers which are difficult to 
keep sealed and where protective equipment 
is not feasible. 

The power factor, acidity, and bomb 
sludge data predicts that we can expect 
about three times the increase in life of 
semisealed transformers by the use of in- 
hibited oil. 

The interfacial tension data does not 
differentiate between the inhibited or the 
uninhibited oils nor does it predict the 
formation of sludge. The proposed evalu- 
ation tests of inhibited oil, by those who feel 
that interfacial tension is the single neces- 
sary test, may be questionable. 

It will be interesting to follow these tests 
further, particularly after the inhibitor is 
exhausted. | 


George H. von Fuchs (Consultant, Niagara 
Falls, N. Y.): Reference has been made in 
the paper to interfacial tension as a criterion 
of oil quality. This test found its first 
large scale field application by the Union 
Electric Company of Missouri early in 1939. 
Results were reported by their G. W. Gerell! 
at the Tenth Annual Doble Client Confer- 
ence in January 1943. ASTM Committee 
D9-IV on Liquid Insulation in October 1945 
formed Subcommittee T on Interfacial 
Tension under the chairmanship of R. G. 
Call. Mr. Gerell? as wellas E. F. Walsh? of 
Narragansett Electric Company presented 
papers on their findings at the first ASTM 
Insulating Oil Symposium in October 1946 
in which a definite correlation between 
interfacial tension and the sludging tend- 
ency of conventional oils in service was 
established. 

When during its development stage in- 
hibited transformer oil was first placed in a 
new distribution transformer, we were con- 
fronted with the fact that the interfacial 
tension dropped from 50 to 26 dynes and the 
oil lost half of its oxidation test life. We 
found that the oil had dissolved some of the 
solid insulation. Clay removed this im- 
purity and restored both the interfacial ten- 
sion and the original life expectancy of the 
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oil. Several conclusions were drawn from 
this experience, namely that: Interfacial 
tension is a sensitive tool for detecting oil 
contamination; contamination indicated by 
a drop in interfacial tension value also causes 
a drop in oil life; and the solid insulation 
used in certain types of transformers may be 
the principal cause for the rapid deterior- 
ation of their oilfill, Thus the development 
of improved transformer oils should be 
accompanied by corresponding improve- 
ments in the selection and application of 
solid insulating materials. ASTM Method 
D 115-48 T on Testing Varnishes used for 
Electrical Insulation’ has a chapter on “Oil 
Resistance.” If in this test inhibited trans- 
former oil would be used, a drop in inter- 
facial tension of the test oil could provide a 
rapid and sensitive method for detecting oil- 
solubility of insulating varnishes. 

We have learned during our development 
work on inhibited transformer oils, that the 
correlation between interfacial tension and 
sludge formation established in the field by 
Gerell and Walsh, does not always hold, 
since some inhibitors will form oil-insoluble 
oxidation products of their own, while the 
oil still has a high interfacial tension. Oil 
contaminants, which are not in true solu- 
tion, are not indicated by interfacial tension 
measurements. For this reason, the modi- 
fied D 943 test method now under investiga- 
tion by the Transformer Oil Committee of 
American Society for Testing Materials 
provides a multiple endpoint, both inter- 
facial tension and sludge formation being 
considered. The failure of earlier attempts 
to successfully inhibit transformer oils must 
be attributed to the use of improper oxida- 
tion inhibitors and unsuitable laboratory 
test methods. 

It is hoped that continued close co- 
operation between oil supplier, equipment 
manufacturer, and transformer user will 
permit a higher load, will reduce mainte- 
nance cost and will also appreciably lengthen 
the useful life of the transformer as well as 
that of its oil fill. 
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E. D. Treanor and E. L. Raab: The authors 
appreciate comments by F. C. Doble, T. K. 
Sloat, and G. P. von Fuchs. Mr. Sloat’s 
comments are in general in agreement with 
the authors’ views and thus do not seem to 
require further discussion. 

While the authors feel that their paper has 
adequately covered the various points raised 
by Mr. F. C. Dgble, some further amplifica- 
tion may be desirable in view of the com- 
ments made. 

The distribution transformers used for 
these tests are of a type which has been in 
very general use for a number of years. No 
attempt at comparison with power trans- 
formers can be made, but it should be 
pointed out that a wide variety of materials 
and impregnants have been used in power 
transformers in the past. The validity of 
the interfacial tension test in the field will un- 
doubtedly be weighed in the light of addi- 
tional experience by the bodies now studying 
it, and what appear to be inconsistencies 
may be resolved. Meantime, its use should 
be continued to build up that experience. 

The authors have pointed out in this and 
a preceding paper! the range of viewpoints 
as to the life of oil from the first detectable 
sludge to an amount which approaches an 
effect on operating characteristics. The 
basic decision will, for the present, be dic- 
tated by the particular maintenance record, 
desires, and economics of individual oper- 
ators. 
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- A Portable Electronic Pile Kinetic 


Simulator 


WALTER PAGELS 


NONMEMBER AIEE 


COMPLETELY self-contained ana- 

logue computer has been designed to 
solve the seven simultaneous differential 
equations describing the operation of a 
nuclear reactor. Because the availability 
of nuclear reactors is severely limited, 
this analogue is found useful in demon- 
strating the kinetic behavior of the ura- 
nium pile. Various instruments and con- 
trol systems may be tested and analyzed 
without the actual presence of a reactor 
assembly. Accompanying the intensified 
research on nuclear power is the problem 
of training engineering and scientific per- 
sonnel on the theoretical and practical 
operation of power reactors. It is in an 
effort to acquaint these people with the 
dynamic solution of the reactor equations, 
that a portable pile kinetic simulator has 
been developed. 

The manner in which the power level 
of a chain reacting pile will increase or de- 
crease depends upon the past history and 
effective multiplication factor of the pile. 
A set of pile kinetic equations, describing 
the variation of neutron density as a 
function of time and reactivity, has been 
derived for a general power reactor.1»? 
The solving of these equations for any 
arbitrary change in reactivity is extremely 
tedious to carry out matuematically. 

A procedure used in simulator design is 
to synthesize an electric network which 
follows the same equations describing the 
pile.* Each unknown in the reactor 
equations is represented by an equivalent 
voltage. The coefficients are circuit con- 
stants, and the completed terms are rep- 
resented as electric currents. The sum 
of these currents are integrated, giving 
voltages representing the solutions to the 
equations. Potentiometers, delay net- 
works, a current source, and a high gain 
d-c amplifier are the chief computing 
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elements. External terminals allow the 
connection of recording instruments or 
automatic control devices. 

Production of this instrument has 
shown it to be rugged, stable and easily 
operated. These units have few adjust- 
ments, which after initial setting, require 
little attention. Because of the sim- 
plicity of construction, no initial instruc- 
tion is required to operate the simulator. 


Reactor Equations 


In the general thermal reactor, the 
principal source of nuclear energy is the 
fission of uranium induced by the absorp- 
tion of slow neutrons. The uranium atom 
splits into two fragments and liberates a 
relatively high amount of energy. High 
velocity neutrons are ejected from the 


‘fission fragments, and begin their journey 


through the reactor. The neutrons speed- 
ing through the system lose energy by 
successive elastic collisions with the light 
nuclei of a moderating material. After a 
number of such collisions, the velocity of 
the neutron is reduced to such an extent 
that it has approximately the same aver- 
age energy as the molecules in the core. 
It is while the neutrons are wandering 
about the core at thermal energies that 
they are most likely to be captured by 
other fissionable nuclei. 

However, not all neutrons born in 
fission will be able to complete their 
destinies as fission incurring neutrons. 
Some will stray from the reactor without 
encountering a fissionable nucleus and be 
lost from the system entirely. Others 
will be unproductively absorbed in a non- 
fissionable material such as control rods 
within the reactor. 

When the rate of neutron loss is equal 
to the rate of neutron production, the pile 
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is critical and will operate at a steady 
neutron density. Changes in parasitic 
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absorption or leakage can be used to con- _ 


trol the various events in the kinetic be- 
havior of the pile, and neutron economy is 


> 
made to increase or decrease with time. __ 


| 
| 
| 


During the neutron cycle, a certain 


number of neutrons appear immediately 
after the fission process, while a smaller 
number are emitted much later. Each 
group of delayed neutrons is given off 


with a characteristic exponential radio-— 


active decay. The total number of 
neutrons in the general assembly is the 


sum of the prompt plus delayed neutrons. — 


The time dependent equations describing — 
these events are often written in the © 


form ; 
dn  d5kett —Bhe ‘ i 
ine Shai Bhatt nv. Mats (1) 
dt T rs 
dc; Bikett < (2) 

=> —Nic 
dt. <7 ane . 


Here n is the number of thermal neu-_ 
trons per cubic centimeter present in the 
pile. The duration of the generative © 
cycle 1, is the average life of a neutron 
between emission from nuclear fission to 
subsequent leakage or capture by another 
nucleus. The reactivity or effective 
multiplication factor ke is the ratio be- 
tween the number of neutrons produced 
and the number removed by absorption 
and leakage. The excess multiplication 
factor Oke; is the fractional increase in the 
number of neutrons per cycle. Skers also 
is defined as the relation Se¢—1l. The 
constant 6 is the fraction of fission neu- 
trons which do not come off immediately. 

The probability that a neutron will re- 
main in the pile during the slowing down 
process is y. The proportion of each type 
delayed neutron emitted, as compared to 
the total number of neutrons emitted, is 
denoted by 6, Be. - . . or, in general, by 8;. 
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‘he decay constant , is the probability of 
elayed emitter decay per second for each 
elayed group.4 The variable c; is the 
oncentration of fission fragments of the 
th kind, which emit delayed neutrons. 
i neutrons contributed by spontaneous 
ssion and other independent sources are 
epresented by the symbol S. 

The first term on the right-hand side of 
quation 1 determines the rate of prompt 
eutron production, while the second term 
; the rate of delayed neutron contribu- 
ion. 

The first term on the right hand side of 
quation 2 represents the rate of delayed 
eutron formation, and the second term 
; the rate of radioactive decay for the 
h type delayed emitter. 

In general, the slowing down time from 
ist to thermal energies is negligible com- 
ared with the time the fission neutron 
pends at thermal energies. Thus, when 
ne excess multiplication factor Ske is 
ontrolled by varying the fast leakage, the 
verage lifetime 7 of a fission neutron is 
slatively unaffected. However, when 
sactivity is varied by changing thermal 
‘akage or parasitic absorption, neutron 
fetime will vary directly as ko. This is 
asily understood when we consider that 
hermal neutrons will live longer in the 
sactor when the probability of thermal 
akage or absorption is reduced. 

A modified reproduction factor, which 
akes into consideration the effect of 
verage neutron generation cycle varia- 
ion, is dRets/Rect, Which shall hereafter be 
bbreviated as Ke. The average neutron 
fetime 7 is replaced by r*, the effective 
1ean lifetime. The time constant 7* 
} invariant with reactivity and is equal 
0 T/Rer, the average neutron lifetime at 
ritical. 

Substituting these terms into equa- 
ions 1 and 2, the pile equations now 
an be written in a form suitable for com- 
uter operation. 


an 
te Ken bate Me. tr*S (3) 


7* a Bin —Wr* rick (4) 


t=1 
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Block diagram 
of the portable 
simulator 
3 
DIRECT 
COUPLED 
con Figure 2 (right). 
The essential 


Figure 1 (left). 


computing ele- 
ments of the port- 
able simulator 


Simulator Equations 


Figure 1 shows, in simplified form, a 
block diagram of the pile simulator. The 
potentiometer, delay networks, current 
source, and differentiating capacitor are 
the computing elements, corresponding 
to the mathematical operations performed 
in the kinetic equations. The voltage 
output of the amplifier is double ended, 
the positive voltage from terminal three 
being equal in magnitude but opposite in 
sign to the negative voltage from ter- 
minal four. The input grid of the am- 
plifier is connected to the adding bus of 
the simulator. When the gain of the 
amplifier is high, any voltage on the add- 
ing bus causes the output voltage to 
vary in such a manner as to reduce this 
input voltage to zero. All dependent 
voltages then must vary in accordance 
with the mathematical operations de- 
scribed by the feedback circuits. The 
amount of amplifier regeneration is deter- 
mined by the reactivity potentiometer, 
and the output voltage is made divergent, 
convergent, or critical. 

Shown in Figure 2 are the essential 
circuit elements that perform the opera- 
tions described above. The amplifier 
output voltage E represents ¢”, where ¢ 
is an optional proportionality constant 
and has the dimensions of volts per 
neutron. 

The left-hand term of equation 3 is 
simulated by a capacitor which produces 
a current proportional to the time de- 


rivative of the| voltage across it. If E 
represents (7, the current is 

(AS, WRC: dn 
L=C€ —=(— 5 
‘ dt (S)- dt (8) 


The term enclosed in the parentheses is 
a scaling factor and has the dimensions 
of amperes per neutron. 

The first term on the right-hand side of 
equation 3 is simulated by the circuit in- 
volving Rand P. The magnitude of the 
current Js is dependent upon the setting 
of the potentiometer tap on P, as well as 
the voltage H and the ohmic values of R 
and P. By direct network analysis, the 
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equation expressing the current flowing 
from the tap of the potentiometer is 
D 


g[EiZ anon] 
=i pt 4R (1—D?) 

where D describes the proportional dis- 
tance of the potentiometer tap from the 
center of the potentiometer, being zero at 
the center, +1 at the +# end, and —1 
at the —H end. The tap remains at an 
essentially zero potential for any D, 

When the potentiometer tap is on either 
extreme end of the potentiometer, Js is a 
maximum for any given H. The maxi- 
mum positive current is given by equation 
6 when D=1. If weset the ratio K,/Kemax 
equal to [s/Igmax, we have 


Ig= 


E (6) 


I 
hs 


Is max 


Ke max 


Rearranging terms in equation 7, and 
combining the result with equation 6, 
we have 

1 Ke 
RO+R/P) Ke max 
D Ts 


aa as 4 


When the voltage # represents (”, then 


P emax 


where the term in the brackets is the 
scaling factor. 

Because of the potentiometer loading 
effect, equation 7 describes K, as a non- 
linear function of D. This results in a 
band spread effect around the critical or 
mid-position of the K, potentiometer. If, 
however, a strictly linear function of D is 
desired, the value of P should be reduced 
with respect to R until the desired linear- 
ity is reached. Reducing the value of 
P/R causes the denominator of equation 
7 to approach one. When the ohmic 
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value of P is limited to one-third that of 
R, the linearity is within 1 per cent for 
any D. This is adequate for most ap- 
plications. Equation 7 may then be ap- 
proximated as 


Ke DKemax 


when R>3P. 

The second and third terms on the 
right-hand side of equation 3 are simu- 
lated by a group of six resistance-capaci- 
tance delay networks. The equation de- 
scribing the voltages for any 7th type net- 
work is 
E= oa Ry & (11) 
where Qi is the capacitor charge in cou- 
lombs. This electrical charge is analo- 
gous to the storing of neutrons in fission 
fragments. 

The corresponding delayed neutron 
equation that this circuit is to represent 
is equation 4, rearranged as a solution for 


(4A) 


Note that c; does not represent capac- 
ity, which is symbolized by C;. Match- 
ing equations 11 and 4A term by term, 
we find that E represents (7 when 
a tyr* 1 


Se one 1 
BR: i iti di (12) 


Qs 


and equation 11 is like equation 4. The 
current contributed by each delayed 
group to the adding bus is given as 


2.2M 
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where the quantity in the parentheses is a 
scaling factor and is made the same for all 
1 species. 

Using the relation 


the sum of all the delayed currents is 
written 


6 
hth+h+...= Dh 


t=1 


¢ t 
-(55,)o" (5% 


where 8,R; = 62R2=B3R3= .. =B; Rj. 

The source term is simulated by in- 
troducing an independent current into the 
adding bus. Referring to Figure 2, if Ro 
is large with respect to Ps, the current 
through Ry is given as 


6 
ver mci (14) 


t=1 


_Ds V 
are 


9 (15) 
where Dy is the portion of P, tapped off, 
and JV is a constant voltage source. If 
Dg is used to represent S/Smax, then 


V 
aN * 
x (=) nae is6) 


where the quantity in the parentheses is 
the scaling factor. 

By Kirchoff’s second law, the net cur- 
rents entering the adding bus must equal 


SET 
OPERATE 
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------- 
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the currents leaving the adding bus. “If 
we take into consideration the relative 
directions of current flow at any one in- 
stant, we state 


6 
h=h—) itl (17) 
t=1 
Substituting the equivalent values of 
the currents given in equations 5, 9, 14, 
and 16 into equation 17, we have the 
complete simulator equation. 


d 
[¢]-2- i Ken 
T R (+4) Komax 
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The scaling factors are adjusted to 
equal each other so that the output cur- 
rent of each term will be of the correct 
order of magnitude. If we let (Y rep- 
resent the scaling factor, then 


iy 


. [<] 
lag Ss R 
_t | ieee 
mK [| -| | (a9) 


When the conditions stated in equation 
19 are fulfilled, the scaling factors in 
equation 18 drop out, and the equation 
of the simulator is like that of the kinetic 
pile. The values for the computing com- 


a 


Figure 3. The complete schematic of the 
portable simulator. A\ll capacitive values are 
given in microfarads unless otherwise state 


nents of the simulator are found from 
quations 19 and 12 to be 


= el (20) 
ig - as 
Se Ee. VY Kemax (21) 
e(R+P) 
1 
ej “Va, (22) 
1 Mt 
V 
Oe VS oe 
y, 
4 = . (24) 
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The value of Y is arbitrary and has the 
limensions of admittance in mhos, The 
yhysical size of the capacitive components 
or the delayed neutron simulation may 


ye made smaller, the lesser the value of Y 


ised. However, the limiting minimum 
value of Y is determined to a large ex- 
ent by the amount of insulation leakage, 
tray capacity, and ionized gas currents 
lrawn by the input grid of the amplifier. 
[hese currents must be small compared 
0 the currents contributed by the com- 
puting elements. For the portable simu- 
ator, Y was chosen to be 38 micro- 
mhos, which gives a maximum capacity of 
two microfarads for C;. 

The voltage representing n is read from 
1 voltmeter connected across the output 
ferminals of the amplifier. 


Figure 4 (below). Portable simulator 


Figure 5 (right). Sample solutions given by the portable simulator for 
step changes in reactivity 
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The complete schematic for an experi- 
mental portable simulator used for dem- 
onstration purposes is shown in Figure 
3. This model contains, as an added 
characteristic, a control switch and a 
level set potentiometer. “The control 
switch disables the simulator while initial 
conditions are introduced. The level set 
potentiometer rapidly places the neutron 
density at any voltage level. 
the power reactor is simulated by the 
manipulation of the K, potentiometer. 
Step functions of reactivity are simulated 
by switching between ‘‘set’’ and ‘“‘oper- 
ate,’ with the K, potentiometer held at 
the desired reactivity. The control 
switch is of the shorting type to prevent 
opening the battery circuits while switch- 
ing between ‘‘set”’ and ‘‘operate.”’ 

In the grid circuit of T-2 is the K, 
zero adjust. This adjustment is made by 
initially setting the neutron density at 
some high value and placing the tap of the 
K, potentiometer at the electrical center 
between +Hand —E,. The zero adjust is 
manipulated until there is no sudden de- 
flection or ‘‘jumping’’ of the neutron 


“ ” 


density while switching between “‘set 
and ‘‘operate,”’ 


A pseudo-source term introduced by 


Control of 


amplifier unbalance and grid current in 
T-1 is set to zero by subtracting current 
through a source potentiometer. Initial 
conditions preceding adjustment are that 
the control switch be placed at ‘‘set,” the 
“level set’? potentiometer be turned to 
minimum level, and the K, potentiometer 
held at zero, The source voltage is ad- 
justed until there is no “‘jump”’ in the 
neutron density reading while switching 
between ‘‘set’’ and “‘operate.”’ This set- 
ting gives a zero source term which is as- 
sumed when the reactor operates at a high 
neutron density. 


Because the solution of equation 4 also 
can give negative values for n, it is ad- 
visable to allow a very slight positive 
source to remain in the simulator to pre- 
vent building upon negative neutrons. A 
persistent return to negative readings, 
with even a positive source, is often 
caused by excessive unbalance in the am- 
plifier. The presence of high-frequency 
oscillation caused by regenerative com- 
ponents in the feedback current, requires 
phase correcting networks within the d-c 
amplifier. For the 2-stage amplifier in the 
simulator, the small amount of phase lead 
offered by the 25-micromicrofarad capac- 
itors is sufficient to prohibit oscillation. 
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The completed simulator, shown in 
Figure 4, has external terminals for the 
connection of recording instruments. 
Sample runs showing step functions of re- 
activity are shown in Figure 5. The ini- 
tial transient rise introduced by the sud- 
den change in reactivity is caused by 
prompt neutron generation. If the reac- 
tivity is small enough so that the pile 
is not supercritical on the prompt neu- 
trons alone, the neutron density levels off 
somewhat, and the slow exponential rise 
Caused by the emergence of the delayed 
neutrons sets in. The fast period allows 
the neutron density to follow fluctuations 
in reactivity, while the delayed neutrons 
serve to limit the reactor period when 
K, remains predominantly at any one 
value. In the case where K,>8 the ini- 
tial sharp rise is continued, leaving the 
delayed neutrons completely behind. 

The importance of the longest delayed 
neutron emitter will vary and is depend- 
ent upon the nature of the problems being 
solved. In most cases, the very small 
contribution offered by this sixth group is 
negligible and may be safely ignored in the 
design of the simulator. If, however, it is 
desired to study the effects of large nega- 


tive reactivities on neutron population, 
the sixth group will continue to emit 
neutrons long after all other delayed 
groups have decayed. Under these con- 
ditions, the inclusion of the longest delay 
emitter is essential for good accuracy. 

The use of a balanced d-c amplifier 
tends to cancel contact potential drift and 
also is an effective means for obtaining 
phase inversion. Feedback produced by 
the large common cathode resistors re- 
duces the gain of the amplifier to in-phase 
signals on the input grids. Because an 
even number of stages or equivalent 
phase shifts are used, it is essential that 
this in-phase gain be less than one, other- 
wise, the operational amplifier will be un- 
stable. The differential gain, however, is 
made as high as practical. 

During any sudden change in neutron 
density, the current drawn by the dif- 
ferentiating capacitor is sufficient to 
cause some unbalance in the amplifier. 
Symmetrical loading is maintained during 
these transients by the connection of a 
similar capacitor from the positive output 
terminal of the amplifier to some ref- 
erence point within the d-c voltage sup- 
ply. Error due to changes in gain over 


certain portions of the output ina a 
cause the critical position on the multiply 


ing potentiometer to change with poweh 
level. This error is minimized by making 
the amplifier gain high and operating the 
tubes well within their linear range. B 

These simulators have been used s 
cessfully in testing period meters an 
automatic control devices. Because of the 
low wattage requirements of the battery 
operated elements, the simulator requi 
no warm-up period and can be put into 
service almost immediately after switch- | 
ing on. By being completely orton 
and self contained, this instrument found 
a maximum utility as a substitute for the 
actual nuclear reactor. 
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AIEE TRANSACTIONS 


The Application of Class-H Insulation 


to Transformers 


MELVIN L. MANNING 


FELLOW AIEE 


IHERMAL endurance of: insulating 

materials is a major limitation of 
electrical equipment. For reasonable 
life, electric equipment is designed to 
keep the maximum operating tempera- 
ture within the thermal limits of the in- 
sulating material. Industrial and utility 
engineers have long visualized an ideal 
dry type transformer composed of in- 
sulation which would exhibit a unique 
Sombination of balance of properties—an 
msulation having excellent heat stability, 
good electrical properties, exceptional 
moisture repellancy, and fire and explo- 
sion resistance. Class-/7 insulation now in 
volume production has reached the most 
important milestone yet attained by any 
insulating material in the realization of 
these ultimate objectives in sealed and 
ventilated dry type transformers for sta- 
tion auxiliary, indoor substation, and net- 
work service. Class-H transformers, in 
voltages 15 kv and below, through 3,000- 
kva ventilated and 1,500-kva sealed-in- 
nitrogen are the answer for elimination of 
fire and explosion hazards, exceptional re- 
sistance against moisture, reduced main- 
tenance, overload capacity, and high am- 
bient temperature conditions. 

Seven years ago only a handful of elec- 
trical engineers and research chemists 
possessed a rather limited working knowl- 
edge of the unique insulating material,” 
now designated class-H by the AIEE. 
Only a few technical papers have been 
written on.the application of class-H in- 
sulation to transformers.*”4 

Class-H transformers, preferably sealed- 
in-nitrogen, can be installed where ex- 
treme conditions exist such as overloads, 
high ambient temperatures, and con- 
tamination; and where absolute safety is 
desired. The present extra cost for class- 
H sealed construction above the cost of 
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class-B ventilated can be amortized by 
these advantages plus the satisfaction of 
eliminating fire and explosion hazards and 
toxic gas effects. Of prime operating 
importance, if nitrogen leaks occur, the 
transformer can continue to operate 
safely in air atmosphere even under high 
humidity conditions until the unit can be 
resealed in nitrogen. 

This paper reviews the kinds of class-H 
insulating materials recently developed, 
and the evaluation of class-H trans- 
formers, A hottest spot temperature rise 
of 180 degrees centigrade is proposed for 
class-H transformers. 


What Is Class-H Insulation? 


Class-H insulation may consist of in- 
organic materials such as glass, porcelain, 
mica, and asbestos bonded or impreg- 
nated by the silicone resins or rubbers or 
by the fluorocarbons. The difference, 
compared with class-B insulation lies in 
the resins and varnishes used as bonds 
andimpregnants. Exposed to air, class-H 
insulation has about 100 degrees centi- 
grade temperature advantage. 

Use of the silicones in transformer and 
in motor insulation is more widespread 
due to earlier availability. The fluoro- 
carbons, polytetrafluoroethylene and poly- 
monochlorotrifluoroethylene, stand at the 
gateway which the silicones occupied 
about seven years ago.® Without doubt, 
these fluorocarbons, when available in 
larger quantities, will serve exacting re- 
quirements for component insulation. In 
this paper, only class-H insulation con- 
sisting of the silicone-glass fiber or asbes- 
tos combinations will be considered. 

Silicones are synthetic polymers com- 
posed of the elements silicon, carbon, 
hydrogen, and oxygen. Silicone resins 
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and varnishes have a chemical structure 
similar to that found in glass, mica, and 
quartz. Consequently, they have proved 
to be natural complements to these in- 
organic insulating materials. Unlike 
organic compounds, that are based on 
carbon-to-carbon bonds, the silicones are 
built on a singularly stable molecular 
skeleton of alternate silicon and oxygen 
atoms. This inorganic skeleton gives the 
silicones much of the inertness and heat 
stability characteristic of quartz and 
glass. Silicones have flexibility, solu- 
bility, and ease of handling because one 
or more organic radicals are attached to 
each of the silicon atoms. Silicones can 
be produced as fluids, resins, varnishes, 
and rubbers. In all their various forms 
combined with Fiberglas, silicones permit 
operating temperatures in the range of 
100 degrees centigrade above the limits 
of comparable organic materials. For 
transformer application, only the resin, 
varnishes, and rubbers will be considered. 


Evaluation of Class-H Insulation for 
Transformers 


When a new insulating material such 
as Class-# is introduced, uppermost ques- 
tions in its application to transformers are 
the selection of a hottest spot temperature 
and also evaluation of dielectric proper- 
ties. Several methods for their deter- 
mination are open: 


1. Select a temperature limit and proper- 
ties based on available published data 
which may be somewhat obsolete and mea- 
ger. Fabricate the insulating material in 
transformers with the hope that operating 
experience will prove that the choices are 
correct. This method requires extensive 
engineering supervision for a long period of 
time, on the part of operating people, in 
evaluating conditions. 


2. Select a temperature limit and proper- 
ties based on a carefully planned develop- 


Paper 51-264, recommended by the AIEE Trans- 
formers Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Summer General Meeting, Toronto, Ont., 
Canada, June 25-29, 1951. Manuscript submitted 
March 21, 1951; made available for printing May 
10, 1951. 


Mecyin L. Mannine is with the Pennsylvania 
Transformer Company, Canonsburg, Pa. 
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ment program with the major suppliers of 
the material. In such a program lay out 
insulation specifications which must be met 
in transformers before such insulation be- 
comes available commercially. Evaluate in 
the laboratory the mechanical and electrical 
characteristics of the new materials even to 
their impulse voltage strength. Conduct 
extensive heat aging tests up to destruction 
at elevated temperatures to determine the 
margin of dielectric strength offered above 
the hottest spot temperature proposed. 
Conduct thorough voltage creepage tests 
under different conditions of contamination 
and of humidity. Constantly keep in mind 
the end uses of the insulation in transformers 
yet utilize practical manufacturing facilities. 
Make exhaustive tests on transformers to 
duplicate extreme service conditions. This 
procedure requires less evaluation time in 
the field to determine the merits of the 
transformers. 


The latter plan has been followed in 
this paper in evaluating class-H insula- 
tion. With major suppliers of class-// 
insulating materials organized. for one 
common purpose, to develop required 
insulation, the program has been in ex- 
istence for more than five years. The 
splendid laboratory facilities of these sup- 
pliers of insulating materials played an 
important part in successful culmination 
of effort as well as to carry on further de- 
velopments. It is by such a plan of 
evaluation and by exhaustive tests on 
typical transformers that class-H insula- 
tion proves to be superior to other insula- 
tion for dry type transformers. 


Hottest Spot Temperature 


Hottest spot temperature proposed by 
the AIEE in 1947 for class-H insulating 
materials in rotating equipment is 180 
degrees centigrade compared with 130 
degrees centigrade for class-B and 105 
degrees centigrade for class-A materials 
exposed to atmospheric conditions. Field 
and laboratory experience indicates, how- 
ever, that silicone insulation will with- 
stand, successfully, continuous operating 
temperatures of at least 220 degrees centi- 
grade and that it will withstand much 
service at 250 degrees centigrade.357,11 
Composite thermal endurance data in air 

‘ for class-A, class-B, and class-Hinsulation 
have been obtained by investigators.’ 
A base of seven years (61,300 hours) was 
considered to represent typical life for the 
various classes of insulation at their re- 
spective permissible temperatures (class- 
A 105 degrees centigrade; class-B 130 
degrees centigrade). Under such condi- 
tions a 220 degrees centigrade tempera- 
ture was found to be permissible for class- 
ve§ 

Tests on motors and on transformers, 
silicone insulated, verify the conclusion 
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with wide margin that silicone insulation 
offers at least 10 times the life over class-B 
when compared on a basis of 220 degrees 
centigrade hottest spot for class-H and 
130 degrees centigrade for class-B. Ex- 
tensive accelerated aging at temperatures 
up to 310 degrees centigrade with alter- 
nate heating and humidifying cycles has 
established the fact that silicones follow a 
logarithmic relation between life and 
temperature. Life is halved or doubled 
for each 12 degrees centigrade increase 
or decrease in temperature in the neigh- 
borhood of 220 degrees centigrade. In 
nitrogen atmosphere, tests now under 
way indicate that silicone insulation can 
withstand even higher temperatures with- 
out increased aging effects. 

An average temperature rise of 150 
degrees centigrade with an allowable 180 
degrees centigrade hottést spot tempera- 
ture rise is proposed in this paper as a 
basis for design of class-H transformers. 
This basis of temperature rating is estab- 
lished not only by test on class-H trans- 
formers and component insulation, but 
also by comparing by test the 30 degrees 
centigrade relative margin between the 
average 80 degrees centigrade tempera- 
ture rise and hottest spot 110 degrees 
centigrade rise proposed for class-B 
transformers by the AIEE. Class-B 
transformers are now rated 80 degrees 
centigrade average temperature rise and a 
110 degrees centigrade hottest spot rise. 
Performance of class-H transformers in 
service demonstrates that an average 
temperature rise of 150 degrees centigrade 
with a permissible hottest spot rise of 180 
degrees centigrade is feasible. Further- 
more, tentative United States Navy 
specifications for class-H insulated equip- 
ment specify 150 degrees centigrade 
average rise. : 


Silicone Insulation as Applied to 
Newly Developed Class-H 
Transformers 


To achieve the high heat stability of- 
fered by silicone insulation, it is necessary 
to use inorganic materials such as glass or 
asbestos bonded or impregnated by the 
silicone resins or rubbers. Cable leads 
should be covered by silicone rubber if 
glass fiber tape will not suffice. All other 
components used in a class-H transformer 
should consist of silicone-glass combina- 
tions capable of withstanding 180 de- 
grees centigrade hottest spot rise. This 
includes glass served silicone resin bonded 
wire for the windings and silicone im- 
pregnating varnish. No organic ma- 
terials such as cotton tape, cotton tying 
cord, paper or phenolic varnishes are used. 
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This eliminates the pcssibility jot fire, 
explosion, and toxic gas hazards, 

See Figure 1 for construction details. 
The important component insulation is: 


Wire—Double glass served silicone-alkyd 
resin bonded wire for low-voltage and high- 
voltage windings. 


Layer Insulation—Silicone rubber-coated 
glass cloth combined with formable lami- 
nate. 


Barriers—Core and high-to-low voltage 
winding insulation. Formable silicone glass 
cloth laminate interleaved with silicone 
rubber-glass cloth. Breakable glass cylin- 
ders are eliminated. 


Axial Spacers—Thermosetting silicone-glass 
cloth or silicone-asbestos laminate. 


Blocking, Interphase Barriers, Yoke and 
Core Insulation—Thermosetting — silicone- 
glass cloth or silicone-asbestos laminate. 


Varnish—Silicone-alkyd formulation for 
abrasion, scuff, and craze resistance. Vac- 
uum impregnation is unnecessary. 


Outstanding as barrier construction is 
the new formable silicone-glass cloth 
laminate. Preformed, breakable glass 
cylinder construction is replaced by a 
laminate which is strong mechanically and 
electrically. This laminate can be rolled 
from large sheets directly on the lathe 
during coil winding operations. At 
operating temperatures up to 200 degrees 
centigrade the dielectric strength is 300 
volts per mil, 60-cycle voltage, 1-minute 
withstand for number 7 square wire as an 
electrode to a steel cylindrical mandrel as 
ground, For additional dielectric strength 
and resistance against formation of corona 
due to contaminating conditions, silicone 
rubber coated glass cloth is interleaved 
with the barrier. 

Silicone rubber coated 0.010 inch 
thick (0.007 inch glass cloth plus 0.003 
inch silicone rubber) glass cloth is used for 
layer insulation. A dielectric strength of 
350 volts per mil, 60-cycle voltage, 1- 
minute withstand is attained. Roller 
type electrodes were used in evaluation 
tests to subject the whole surface of the 
material to the same test voltage. 

Thermosetting silicone-glass cloth or 
asbestos laminate for axial spacers, block- 
ing and core insulation provides insig- 
nificant water absorption, high heat 
stability, resistance to voltage creepage 
and high mechanical strength. A flexural 
strength flatwise, on a 1/s-inch panel, of 
22,000 pounds per square inch and a wet 
insulation resistance of at least 120,000 
megohms is attained by following Stand- 
ard American Society for Testing Ma- 
terials tests. om 

Recently developed silicone-alkyd im- 
pregnating varnish imparts high bonding 
strength, abrasion resistance, and gloss to 
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Figure 1. Class-H 
transformer construc- 


F STEEL PRESSURE PLATE 
tion De 


CORE 


COLD ROLLED ORIENTED 
SILICON STEEL 


AXIAL SPACERS 


FOR CORE COOLING 
DUCTS 


HIGH VOLTAGE WINDING 
DOUBLE FIBERGLAS SERVED 
SILICONE RESIN BONDED WIRE 
PANCAKE CONSTRUCTION 


HIGH-LOW INSULATING ———~ 


BARRIER 


FORMABLE SILICONE —FIBERGLAS 


LAMINATE INTERLEAVED WITH 


10 MIL SILICONE RUBBER COATED 


FIBERGLAS CLOTH 


‘component insulation parts of the trans- 
ormer. Only 26 hours total processing 
ime for 2-dip cycles under atmospheric 
ressure are required for impregnating 
‘oils compared with 76 hours and two dips 
inder vacuum for previously used silicone 
varnishes. The alkyd modification to the 
varnish adds substantially to abrasion re- 
istance. Heat endurance tests from 200 
legrees centigrade to 250 degrees centi- 
rade demonstrate excellent craze re- 
istance by varnish coating aluminum 
yanels and bending over a !/s-inch man- 
lrel. Mechanically, a strong coil structure 
s obtained after this 2-dip varnishing 
rOcess. 

In reviewing these component insula- 
ion parts as diagrammed in Figure 1, it 
an be noted that only true class-H in- 
ulation material is considered; that is, 
he silicone resins and rubbers, glass cloth 
id porcelain to provide high temperature 
tability and moisture resistance. As- 
estos-glass cloth silicone bonded ma- 
erials now under development may be 
ised in various combinations in class-/T 
ransformers of the future. 


Sosts 


Class-Hsilicone insulation is about 20 per 
ent more costly at present than organic 
henolic varnish bonded insulation. How- 
ver, reductions in cost are being made 
ontinually and as use of silicones in- 
reases, the costs will decrease accord- 
ngly. Costs of class-B and of class- 
nsulated wire are now similar. Silicone- 
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glass cloth and asbestos laminates are 
now under development which may de- 
crease present costs. Due to the high- 
temperature stability of the silicones 
which result in greater possible overloads, 
weight saving and resistance to fire and 
explosion, some increased cost can be 
justified. 

Insulation has been one of the barriers 
in limiting the output of a transformer. 
Thermal endurance of insulating ma- 
terials has been the main factor. As the 
history of transformer construction is re- 
viewed, the size and weight per kilovolt 
amperes of a transformer in a given volt- 
age class has been reduced by improved 
magnetic materials, by improved cooling 
systems, and by progressively developing 
more heat stable insulating materials. 
Class-H insulation is now in the picture 
to dispel some of the limitations hereto- 
fore found in its predecessors. 


Standardization of Design and 
Typical Test Data 


For station auxiliary, network, and 
indoor substation service class-H in- 
sulated transformers of sealed or venti- 
lated construction are the answer for 
elimination of fire and explosion hazards, 
high resistance against moisture, reduced 
maintenance, ability to carry overloads, 
operation in high ambient temperatures, 
and less weight. 

With these ideas in mind, a transformer 
construction was agreed upon which 
could be standardized. For each voltage 
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LOW VOLTAGE WINDING 


DOUBLE FIBERGLAS SERVED 
SILICONE RESIN BONDED WIRE 
LAYER WOUND 


CORE INSULATING BARRIER 


FORMABLE SILICONE ~ FIBERGLAS 
LAMINATE INTERLEAVED WITH 10 MIL. 
SILICONE RUBBER COATED FIBERGLAS 
CLOTH 


PORCELAIN RADIAL SPACERS 
DOVETAILED TO AXIAL SPACERS 


LOW VOLTAGE LAYER 
‘INSULATION 


10 MIL. SILICONE RUBBER COATED 
FIBERGLAS CLOTH 


ee AXIAL SPACERS 


THERMOSETTING SILICONE 
FIBERGLAS LAMINATE 


class from 1.2 kv through 15 kv, corre- 
sponding insulation clearances would be 
prescribed. Of most importance was im- 
provement of insulating barriers com- 
monly used for core and for high-to-low 
voltage winding insulation, interphase 
barriers, and axial spacers. Breakable 
pyrex glass cylinders, rods, and plates are 
not the answer to the problem. These 
were replaced by newly developed form- 
able and _ thermosetting 
cloth laminates. 
Moreover, complete temperature data 


silicone-glass 


for enclosures sealed with air or nitrogen 
and for ventilated construction under 
normal, up to 150 per cent, continuous 
loading were desired. Tests were pre- 
scribed to find basic information of most 


Figure 2. End view typical class-H insulated 
transformer coil 
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Figure 3. Side view typical class-H insulated 
transformer coil 


concern to a user of transformers. Com- 
plete data for time to reach maximum 
temperature as well as time to cool to am- 
bient temperature for all loadings were 
wanted. 


RATING AND DIMENSIONS OF TYPICAL 
CLAss-H TRANSFORMERS 


The data obtained for two 100-kva 
2,400-120/240 volt, 5-kv class single- 
phase 60-cycle 150-degree-centigrade rise 
sealed transformer units are shown in the 
following. A 5-kv insulation class was 
chosen due to its popularity for station 
auxiliary equipment. 


Figure 4. Typical class-H core and coil 
assembly high-voltage side 
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Basic Impulse Insulation Level 


The high-voltage winding was 25 kv, 
and the low-voltage winding was 10 kv. 


Coil Construction 


Details of the coils can be noted in 
Figures 2 and 3. The assembled view of 
the core and coil and clamping method is 
given from the high-voltage side of Figure 
4 and from the low-voltage side in Fig- 
ure 5. 


Core and Coil Dimensions 

The floor space is 27 inches wide by 13 
inches deep, and the height is 37 inches. 
Tank 


See Figure 6 for tank construction. 
(Normally the bracing can be made in- 
ternally). f 


Floor space...... 8341/2 inches wide by 19 
inches deep by 48!/, inches high 
Surface area (top and sides).......... 5,835 
square inches 
Volume, cubicinches..-4..... $: .0 60 29,600 
Internal atmosphere....(a) Nitrogen at 1/2 
pound gauge 
pressure 
(b) air 
(c) ventilated 
Weight 
Core'steel sponds, se... -ctenmaee ae 613 
Copper, potnds ceva een 205 
core and coilassembly, pounds.... 1,236 
tank: pounds: csc nents eee 918 
bushings; pounds: 2.7... rear 21 
2,175 
Test Data 
Electrical Characteristics 
Core loss at 20 degrees centigrade, 
Wattsnce eas sc 265 4.cc eee 643 .2 
Core loss at 150 degrees centigrade, 
WALES hie tere are See 600.0 
Total loss at 75 degrees centigrade, 
WALES a tacrs Wicinisialasaesn ies aa 1,552.2 
Total loss at 150 degrees centi- 
KbAde Wattsntnn ton. 2 ae 1,856.0 
Impedance 75 degrees centigrade, 
PEICeUt ase ihe 3.42 
Impedance 150 degrees centigrade, 
Pericentrcke. npn ee ee 3.54 
Regulation: 
75 degrees centigrade 
100 per cent power factor... .. 0.96 
80 per cent power factor...... 2.72 
150 degrees centigrade 
100 per cent power factor... .. 1.3 
80 per cent power factor...... 3.0 


Insulation Resistance and Power Factor 
Measurements 


The power factor, at beginning of heat 
run tests, coils had been subjected to 
80-90 per cent humidity conditions for 
three months. 


High voltage to low voltage and ground, 
Per cen tert sh.c cone eee eal 
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Figure 5. Typical class-H core and coil 
assembly low-voltage side 


Low voltage to high voltage and ground, 


per cent........ 0. 3 .eE eee 1.91 
High voltage and low voltage to ground, 
per cent........... 5 ee rr 1.50 


The power factor at completion of heat 
run tests: 


High voltage to low voltage and ground, 

per cent.....-... + >. 0-28 
Low voltage to high voltage and ground, 

per cent... 2... 60 001. ee 0.28 
High voltage and low voltage to ground, 

per cent............ «cls ene eee 0.30 


The insulation resistance for all wind- 
ings was infinite. 


Figure 6. Class-H transformer sealed tank 
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Table I. 


Summary of Temperature Data 


Sealed Tank—Nitrogen Atmosphere at 1/2 Pound Gauge Pressure 100-Kva Single- Phase 5-Kv 
Class, Class-H Transformer 


Table Ill. Summary of Temperature Data 


Core and Coils Exposed to Atmosphere 100- 
Kva, Single-Phase, Class-H Transformer 


160 Per 
100 125 150 Cent Load, 
4 Per Cent Per Cent Per Cent Loading Time 
Item Load Load Load Eight Hours 
Average LV copper rise by resistance, °C........... ENC netic 186.0), eae PURO A Ae 265.37 
DRPECRDDERATITE VG OCs iicecsescescbscssbeveues FAD Geeta 190.0) ea. DA Tat ene EMyn toe 249 
Average HV copper rise by resistance, °C.......... 92.8 LS AO Genie LTB Oo ae ina at 198.56 
SETUDELACUOCIIIV, OC... ners vee csceenes 1 O82 OO vy tae 20T; JO BRecre siete 40: 
Maximum core temperature, °C..............-000+ b Re a LOZ Sis aha LSA hrc: 186 
PREM GS CEIDDELAtUTE, OC... tt eee tee ee nes 1 TOI OR OP, Fur USS) ites ats VS22ON eerste ds 142 
Maximum external tank temperature, °C,.......... 520 Sareea GOROK vets GIS tarratitat 63 
Beurpressiire gatige, pouinds............sseee BB tote e, din DaB ie ai mite pet ee A 2-3 
Time required to reach maximum temperature, 
IRE Gi/in sive pnt Gi otaa vied caideweees 1 ane ares, Gia picute it 16 
Time required to cool to ambient temperature 
RE UTITITTG ITC foe giaceosi6s sine 0s e's 0s apsisiate es o'e Say dasa BA axaies Brett ayars exiting 8 
MEETEUCOLE JOSS,;;PCr CENt,,.....00ccce sce accece 4 sovecse BP ee or Syvaters DS © pvdate sid ae 5 
26 aiken ans Fe eratasaile Da ava cake cya 16 


MICHEMLOMDETACUTE, TC... cece eee cee eenees 


LV =low voltage HV = high voltage 


Dielectric Tests 


At 60-cycle voltage, the high-voltage 
winding, 12 kv 1 minute; and low-voltage 
winding, 4 ky, 1 minute. 

Induced: 200 per cent voltage (400 
cycles, 18 seconds). 

Impulse voltage—5-kv class winding: 
full wave (11/, by 40 microseconds) 25 kv 
(Figure 11). 


Radio Influence Voltage Tests 


Tested in accordance with National 
Electrical Manufacturers Association N E- 
MA) Standards 48-132 (TR-3-135 to 140 


inclusive). Test voltage applied—3,180 
volts. This standard for distribution ap- 


Table Il. 


Sealed Tank—Air Atmosphere Normal Pres- 
sure 100-Kva, Single-Phase, 5-Kv Class, Class- 
H Transformer 


Summary of Temperature Data 


100 125 150 
Per Per Per 


Cent Cent Cent 
, Item Load Load Load 
Eee 
age LV copper rise 
resistance, °C...... 154.54. .201.28. .252.54 
temperature LV, 
Vella ee 156.0 ,.195 . .243.0 
age HV’ copper rise 
y resistance, °C...... 108.69. . 146.86. .181.77 
t temperature HV, 
(2 OS OED 134.0 ..172.2 ..216.0 
ree core tempera- 
oS OOO ERE REO 141.3 ..159.8 ..187.5 
gas temperature, 
is ROMO 93, Oieal i ..136.0 
um external tank 
c OO ren 4D 0) 0 66 Meets 
e pressure, pounds., 0 oe at m0 
required to reach 
imum tempera- 
ONES sive tine» 3 62> 


paratus specifies a maximum value of 500 
microvolts. Background radio influence 
voltage level=17 microvolts. Test on 
H, bushing, H, grounded=215 micro- 
volts. Test on H; bushing, H; grounded = 
215 microvolts. 


Audio Noise Tests 


The transformer average sound level is 
58.6 decibels and standard NEMA level 
for dry-type transformers is 66 decibels. 


Thermal Characteristics 


Procedure for making tests: 
1. Thermocouples were located on: 


Bottom yoke of core 

Upper yoke of core 

Upper outer leg of core 
Outer lower leg of core 

Top of high-voltage coil duct 
Top of low-voltage coil duct 
Bottom tank wall 

Gas space above the core 


2. Provisions were made for obtaining 
temperature rise by resistance on high- 
voltage and on low-voltage windings, to 
obtain time for cooling to ambient tem- 
perature after shut-down from various 
loadings, and to measure core loss at 
operating temperatures. 

3. The transformer units were loaded 
in opposition to obtain data (summarized 
in Tables I, II, III) at continuous loading 
as follows: 


Sealed construction—in nitrogen and also 
in air atmosphere 100 per cent, 125 per 
cent, 150 per cent continuous loading. 

Ventilated construction—100 per cent 
continuous and 200 per cent loading (6 
hours) was prescribed. 


Fire and Water Tests 


The most commonly feared enemies of 
insulation are fire and water. To deter- 
mine the fire resistance of silicone-glass 
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200 
100 Per Cent 
Per Cent Load 
Item Load (6 hrs.) 
Average LV copper rise Be 

resistance, °C,. Btnin PM fen bate 254.8 
Duct temperature 0 V, °c. Tae BS OW cede 220.0 
Average HV copper rise by 

POMAt AE TE, oat essen ase BOO nies a 166.9 
Duct temperature HV, °C...... 610. ne ais 182.0 
Maximum core temperature, 

1 | SR rer oT Tot Ee B20) a eas 127.0 
Top gas temperature, °C....... DD Wd aitsigiers 47.5 
Maximum external tank 

tenrperature, Cy viii oie 
Gauge pressure, pounds........ 

Time required to reach maxi- 

mum temperature, hours..... 14.0 
Time required to cool to am- 

bient temperature, . SEE a MeL aeiee 6 
Reduction core loss» per cent. Die <iitererete 5 
Ambient temperature, °C...... 21 thas 21 


fiber insulation as used in transformer con- 
struction (Figure 1) an oxygen-acetylene 
torch having 5,000 degrees Fahrenheit 
temperature was applied to a coil (Figure 
7), for the same interval of time that was 
required to cut 2-inch thick plate steel for 
a distance of several inches (Figure 8). 
Only two layers of the H-L silicone-glass 
cloth laminate were affected, and the 
silicone resin impregnant beaded to silica 
as can be noted by the white spots on the 
barrier surface of Figure 7. 

To determine the effects of water on 
class-H insulated transformers, the coil 
and core was subjected to a 2-nozzle 
water spray for 40 minutes while the 
transformer was excited at 2,400 volts 
(Figure 9). No indication of failure was 
noted. Power factor and megger readings 
were taken before and after the spray 
test, see Table IV. 


Table IV 
Before Water Spray 
Power 
Factor, Megger 
Per Cent Reading 
High to low and 
REOUN OC carersiiael yea 0.2 ......Infinity megohms 
Low to high and 
REOUMMG ie ct a oasis On ZOan ates Infinity megohms 
High and low to 
ROUT ryiiele)01s oberg Oe eels eave Infinity megohms 


After Water Spray* 


Power 
Factor, Megger 
Per Cent Reading 
High to low and 
RUOUNG i ralaraaisise 62) (Ey Aenoee Infinity megohms 
Low to high and 
SLOUMNG cian hakag ass 0.98......Infinity megohms 
High and low to 
STOUBE ater cin. siete We rotates Infinity megohms 


* Water soaked for 48 hours. 
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Figure 7. 


Observations of importance in witness- 
ing these fire and water tests were that 
the silicone-glass fiber insulation would 
not support combustion even though the 
tests were in air, the insulation resistance 
remained at infinity megohms regardless 
of the moisture conditions and with water 
allowed to remain on the insulation for 
almost two days the power factor in- 
creased about 1 per cent maximum 
measurement (high and low voltage to 
ground). 


Short Circuit Tests 


These tests were made in accordance 
with NEMA Standards 48-132, (TR- 
3-15). For two seconds 25 times rated 
current was circulated in the short-cir- 
cuited low-voltage winding. All measure- 
ments for losses were again made besides 
applying the dielectric voltage tests. 
These tests were satisfactorily withstood 
and losses checked exactly with former 
measurements, 


Impulse Voltage Tests 


Standard American Standards Associa- 
tion (ASA) tests? in accordance with 
C57.11, Table 11.030 for dry type trans- 
formers were followed. Full wave (25 kv 
crest) oscillograms are given in Figures 11, 
11(A). 


Discussion of Temperature Test Data 


Briefly summarized, the 
points are of interest: 


following 


1. In nitrogen atmosphere (Table I and 
Figure 10), the temperature rise is lower 
than that for air atmosphere. Nitrogen 
possesses better heat transfer character- 
istics. 


2. The time required to cool after loading 
to ambient temperature approximates eight 
hours regardless of the loading or atmos- 
phere. The high thermal conductivity of 
the insulation apparently explains this fact. 
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5,000 degrees Fahrenheit oxygen-acetylene torch applied 
to class-H barrier insulation 


Figure 8. 5,000 degrees Fahrenheit oxygen-acetylene torch applie 
to 2-inch plate steel for same interval of time as to coil in Figure 7 


, 


3. Reduction in core loss approximates 4 
per cent to 6 per cent. This reduction in 
core loss after quite comprehensive studies 
on transformer cores and Epstein samples of 
cold rolled oriented steels has been found to 
average 5 per cent for core temperatures at 
150 degrees centigrade and up.’ A beneficial 
aging effect takes place in the steel begin- 
ning at approximately 130 degrees centi- 
grade. 


4, The maximum external tank tempera- 
ture does not exceed 72 degrees centigrade 
even for 150 per cent continuous loading in 
air atmosphere. 


5. Nitrogen gauge pressure did not exceed 
the range of 2 to 3 pounds for an initial 
pressure of ' /2 pound. 


6. The temperature rise in the low-voltage 
and high-voltage coils did not exceed calcu- 
lated values. Design balance for 150 de- 
grees centigrade rise is achieved. 


Conclusions 


The conclusions reached concern the 
use of class-H silicone insulation to trans- 


formers of sealed-in-nitrogen atmospher 
construction through at least 1,500-kvi 
15-kv class ratings, and of ventilate 
(open) construction through at leas 
3,000-kva 15-kv class ratings for statioi 
auxiliary, network, and indoor substatio1 
service. 

The advantages of class-H over class-t 
insulated transformers from the user’ 
standpoint are: : 


1. Fire and explosion hazards eliminated 


2. Freedom from corona at normal operat 
ing voltage and exceptional ability to with 
stand corona if present at high over-voltage 
Ability of silicone rubber, as used in com 
ponent insulation, to resist corona surpasse 
other insulating materials. 


3. Impervious to moisture, space heater: 
not required. 


4. Glass-like surface on coils minimize 
collection of dirt and contaminants. Clean 
ing more easily done. 


5. Greater ability to withstand overload 
due to thermal conductivity of insulation. 


Figure 9. Two water sprays applied to class-H transformer units under full excitation voltage 


Manning—A pplication of Class-H Insulation to Transformers 


AIEE TRANSACTION 


LEGEND 


L AVERAGE LOW VOLTAGE COIL 
RISE BY RESISTANCE. 


2.LOW VOLTAGE DUCT TEMPER- 
ATURE TOTAL. 


jo 


es ee ee L 
waage 

eS a a Le Oe 

ag SE Se a ee 

a ee) 


BESS 
po | | 

2) ee 
RSH 
jo] 


"So SE FEE SS SS 


(ha 2 ee ee ee) ee a 
2 ee en Se es ee 
(lj SE EY Ree SS a A a Pe) ES 


3. AVERAGE HIGH VOLTAGE COIL 
RISE BY RESISTANCE. 


4. HIGH VOLTAGE DUCT TEMPER- 
ATURE TOTAL. 

5, MAXIMUM CORE TEMPERA- 
TURE. 

6. NITROGEN TEMPERATURE AT 
TOP OF TANK. . 

7 MAXIMUM EXTERNAL TANK 
TEMPERATURE TOTAL. 


8. AMBIENT TEMPERATURE. 


OE SERS! Sn Ea ST ee es 
hee 


te) 
io 
fo) 
Sls 
a) 
ole) 
aed Ie 
al ie 
se 
= 
fo) 


a il 


et 
Q|_ 
: 
@ 
+P 
B 
i 


igure 10. Temperature data, sealed tank, nitrogen atmosphere, 100-kva, 5-kv class, class-H 
transformer 


Less weight for core and coils approxi- 
lately 15 per cent as demonstrated by 
eneral designs. 


. Higher 
litted. 


ambient temperatures per- 


The additional advantages of sealed-in- 
itrogen atmosphere construction are: 


Less maintenance required, contami- 
ants are not present to decrease voltage 
'‘rength of cooling ducts. Clearances are 
lore easily controlled. Transformer unit 
an be installed in a dirty location provided 
eriodic checks are made of bushings and 
itrogen gauge pressures. 


Filtering equipment and valves not re- 
uired as for liquid-filled transformers. 


Can be used where flooding occurs. 


Minimum oxidation resulting in longer 
fe of insulation and better heat transfer 
haracteristics as compared with air atmos- 
here sealed. If nitrogen leaks do occur, 
ne transformer can continue to operate 
afely in air atmosphere until the unit can be 
ssealed in nitrogen. 


. Can be used outdoors as well as indoors 
proper line insulation co-ordination and 
rotective devices are used. 


. Continual research in insulating ma- 
srials and use of higher gas pressures pre- 
ents the possibility of developing dry-type 
ransformers to equal the same basic im- 
ulse levels as liquid-filled transformers. 


The disadvantage for either the class-B 
t class-H dry-type transformer is com- 
1on to both. The impulse strength is 
bout one-half that of liquid-filled units. 
Wentually this disadvantage may be 
vercome by improved use of insulation 
t by higher nitrogen pressures to pro- 
ide increased voltage strength. Pro- 
ection by lightning arresters is required 
voltage surges may occur above the 
mits proposed by ASA Standards? for 
ry-type transformers (C57.11, Table 
1.030). 
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Electrical characteristics of transform- 
ers operating at elevated temperatures 
are satisfactory. Tests on transformers 
show that proper design balance is ob- 
tained for required regulation, core, and 
copper loss values. 

Tests made by the United States Navy 
Department and by motor manufacturers 
on class-Z7 silicone insulated electric 
equipment subjected to severe and ac- 
celerated conditions have shown that such 
equipment is capable of operating hun- 
dreds of times longer than conventional 
insulation.” 

Silicone-insulated rotating equipment 
installed in submarines operating at 230 
degrees centigrade continuous tempera- 
ture does not constitute a health hazard 
up to 96 hours operating time submerged." 
Surface ship ventilated installations of 
silicone-insulated equipment are con- 
sidered to be safe from the standpoint of 
CO evolutions regardless of temperature. 

Fire and water resistance of class-H 
insulation has been demonstrated by 
tests on transformers described in this 
paper. 

An average temperature rise of 150 
degrees centigrade with an allowable 180 
degrees centigrade hottest spot tempera- 
ture rise is proposed as a basis for the 
temperature rating of class-H trans- 
formers. 

Core loss is reduced approximately 5 
per cent at 200 degrees centigrade. A 
beneficial aging effect takes place when 
cold rolled oriented steels are exposed to 
higher temperatures. 

Development of class-H insulation de- 
scribed in this paper has been achieved by 
keeping in mind specific design and ap- 
plication problems and by evaluating 
combinations of materials as used in 
transformers. Insulation development 
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programs with suppliers of insulating ma- 
terials have been most effective in ob- 
taining results outlined. 

Cost of class-H insulation at present is 
about 20 per cent greater than class B. 
The higher costs of silicones are to be ex- 
pected for new materials, In this phase, 
the cost-volume equation as always is the 
great key to the future. With increasing 
plant production, costs are decreasing. 
The advantages outlined for class-H in- 
sulation applicable to transformers should 
assist in obtaining greater volume produc- 
tion. 

It is hoped that the development work 
described will stimulate interest in class-J7 
insulation and its application to trans- 
formers. 
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Discussion 


J_A. Elzi (Commonwealth Services Inc., 
Jackson, Mich.): There is a need for dry- 
type transformers for applications in vaults 
and industrial plants and for power supply 
to station auxiliaries in steam electric gener- 
ating plants. At the present time, how- 
ever, there is some reluctance in recom- 
mending dry-type transformers for these 
applications because of their low insulation 
level, their susceptibility to dirt and mois- 
ture, and the fact that serious fires have 
occurred with class-B insulation. The use 
of class-H insulation as described by the 
author appears to provide a means of over- 
coming many of the objectionable features 
of other types of construction. There are, 
however, several points which require 
further consideration. 

It is noted that the transformer de- 
scribed has a 5-kv insulation class and an 
impulse withstand voltage of 25-kv crest. 
A similarly rated liquid filled transformer 
would have a withstand level of 60-kv crest. 
For general distribution service a 3-kv line- 
type lightning arrester would probably be 
used and after allowances are made for cir- 
cuit gradient and lightning arrester toler- 
ances the 25-ky level may not be adequate.! 
The paper indicates excellent 60-cycle di- 
electric strength for the materials used, and, 
if the impulse characteristics are similarly 
good, it would appear that these transform- 
ers could be designed for higher withstand 
voltages. This would be highly desirable 
if this type of transformer is to receive 
widespread application. 

The various types of insulation used 
throughout this design appear to have ex- 
cellent mechanical characteristics except 
that it is also noted that porcelain is used 
for the radial spacers. It appears that these 
spacers would be brittle and subject to 
breakage and that it would be desirable to 
utilize a material similar to the silicone- 
asbestos laminate which is used for the axial 
spacers. 

With the wide variations in copper tem- 
peratures which will result from no load to 
full load operation, it appears that expan- 
sion of the copper introduces some special 
problems. If the coils are tight when the 
transformer is cold, they may be loose 
when operating at high temperature and 
might have difficulty in withstanding short 
circuit stresses. 

While the materials used in the trans- 
former may be able to withstand an allow- 
able average temperature rise of 150 degrees 
centigrade and a hottest spot rise of 180 
degrees centigrade, it appears that special 
consideration should be given to the bush- 
ings used in this transformer. This might 
require either specially designed bushings or 
some form of heat block between the wind- 
ing terminals and the inside bushing ter- 
minals, 
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B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): Iam very much interested 
in this paper because I feel that we are all 
interested in getting rid of oil in trans- 
formers, particularly in buildings and con- 
fined places, and I believe that this is a 
move forward in the right direction. 

We are threatened with increased fire 
insurance rates, due to the claims paid by 
some insurance companies as the result of 
fires in stations. Aside from the cost situa- 
tion, which, of course, is important, we have 
a duty and an obligation to the public and 
to customers to take all reasonable precau- 
tions to avoid fires and explosions, particu- 
larly in places where the public congregates. 
I believe that the electrical industry, both 
operator and manufacturer, should push 
development vigorously towards the elimi- 
nation of oil in transformers. 

I was very interested in the subject of 
varnish insulation, where it says ‘““vacuum 
impregnation is unnecessary,’’ as I believe 
this will be helpful and should tend to re- 
duce costs. 

Of course, we have a problem in regula- 
tion, when the transformers are operated at 
a higher temperature for the same size 
copper conductors, but believe that such a 
rating used in emergency only will permit 
some sacrifice in voltage drop. 

I raise a question relative to Item 3, of 
the section on Discussion of Temperature 
Test Data last sentence, wherein reference 
is made to the aging effect taking place be- 
ginning about 130 degrees centigrade. My 
question: why not age the steel in the fac- 
tory at 130 degrees centigrade or above 
before assembly, thus permitting the cus- 
tomer to get the benefit of the aging from 
the time the transformers are received and 
put in service. 

In closing, I would like to say that we do 
not want bigger and better transformers; we 
want smaller and better and ligher trans- 
formers, and of course less expensive ones! 


R. H. Mertz and E. L. Leinbach (The De- 
troit Edison Company, Detroit, Mich.): 
The following questions are raised concern- 
ing Mr. Manning’s paper: 

What advantage does the value of 150- 
degree centigrade average winding tempera- 
ture rise, as recommended in the paper, 
over another value, say 120 degrees centi- 
grade? Also what is its ability to carry 
emergency overloads? 

Following is some background information 
which suggests these questions to us. 

We. recently received some 500-kva 
sealed, class-H insulated, network trans- 
formers with an average winding rise of 120 


Manning—A pplication of Class-H Insulation to Transformers 


degrees centigrade. Our networks 
two, three, or maybe four parallel feeds 
pending on the area load. If one feed f 
the remaining one, two, or three feeds mus 
carry the load. Under this condition a 
transformer may be called on to carr 
around 150-per-cent load for an 8-hot 
period with a vault temperature that ma 
reach 50 degrees centigrade. This does n 
happen often but we must be prepared f 
it. For our oil-insulated transformers op 
rating under this condition we install wa 
sprays and they perform very well. Wat 
sprays, however, probably would not 
effective on class-H insulated transformer 
Will 150-degree centigrade average win 
ing temperature rise, class-H insula | 
transformers meet this condition relying 
entirely on their overload capacity? 


L. C. Whitman (General Electric Compan 
Pittsfield, Mass.): Engineering advances i 


the case of class-H insulation its efficien’ 
utilization has frequently made new and 
different designs possible. It is important, 
however, that we critically examine such 
designs for both advantages and disadvan- 
tages to see that our enthusiasm for them is | 
balanced by a sense of true merit and 
utility. . 

Sealed dry-type transformers utilizing 
class-B insulation in nitrogen gas! as well as 
class-H insulation in air or nitrogen are 
growing rapidly in popularity. We have 
designed and built ratings through 1,250 
kva and 15 kv, and duplicate orders have 
attested user acceptance and satisfaction. 
Mr. Manning’s paper concerning design, 
construction, and performance will assist 
users in determining the sphere of applica-— 
tion and design considerations pertinent to 
such units. The comments and questions 
which follow are for the purpose of further 
analyzing and evaluating technical details 
and ideas presented in this paper. , 

Silicone-alkyd resin is specified as the 
bonding resin on the wire used and as the 
impregnating resin. AIEE Standard Num-— 
ber 1? specifies only a minute amount of © 
class-A material to be added for manufac-_ 
turing purposes in class-H structures. . 
What percentage alkyd resin is used in the - 
silicone-alkyd resin specified? | 

A figure of 20 per cent is quoted when 
comparing the cost of class-H silicone in-— 
sulation with organic phenolic varnish - 
bonded insulation (class B). At the present — 
time in the open market, pure silicone class- 
H insulations cost several times as much as — 
comparable class-B insulations. Does the 
author mean this 20 per cent differential in 
the total cost of comparable class B and 
class H transformers? 

In the conclusion of the paper the class-H 
transformer is quoted as having greater 
overload ability than a class-B transformer. 
Is this statement made on the basis of the 
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o transformers having the same tempera- 
e rise under normal load? In this case 
2 class-H transformer will have a higher 
st cost, and so any difference due to in- 
ation thermal conductivity will have to 
of considerable magnitude to be of im- 
rtance. Radial gradients in windings of 
tural draft transformers’ are small com- 
red with air-film temperature drops. 
so, in the case of sealed dry-type trans- 
rmers, major thermal drops exist between 
e inside gas and the enclosing tank, as 
Il as between the tank and the outside 
ibient. Hence, even large differences in 
sin conductivity will result in very minor 
provement in thermal characteristics. 
1 the other hand, if the class-H trans- 
rmer is designed for a higher temperature 
an the class-B unit, this means that in 
neral less copper will be used. Does not 
at mean that the overload ability will 
ereby be decreased? 
The statement is made in the paper that 
nitrogen atmosphere the temperature 
e is less than in an air atmosphere. The 
sts referred to are not comparable since 
the nitrogen case a positive pressure is 
ed, which in itself has the effect of reduc- 
x thermal gradients. Natural convection 
ries as the square root of the absolute gas 
essure.4 This will account for some 10 
r cent of the 18 per cent differential re- 
rted. 
No mention is made of the evaluation in 
‘ms of cost of the higher losses in the pro- 
sed 150-degree centigrade rise sealed 
y-type transformer as compared with 
ose in a 120-degree centigrade rise trans- 
mer. The initial cost of the hotter trans- 
‘mer will be less, due to less material be- 
sused. However, the copper loss of such 
ransformer will be greater, due to the in- 
vase in the resistance of the windings at 
e higher temperature as well as the in- 
sase in resistance due to the lesser cross 
‘tion of the copper used. Also regulation 
ll be greater particularly at unity power 
tor. 
Operating companies can assist manu- 
‘turers in arriving at optimum design 
mperatures by publishing up-to-date 
ta that are representative of the spread 
values used for capitalization of losses and 
rulation. 
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E 
_L. Manning: Comments and questions 
red are very much appreciated by the 
hor. The main purpose of the paper is 
outline the definite advantages of class-H 
ulated transformers from an operating 
wpoint. It is helpful to utilize ideas of 
» users of transformers in developing new 
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kinds of insulating materials and in apply- 
ing them. 

Mr. J. A. Elzi brings out a good point in 
the idea of raising the impulse voltage 
strength of dry-type transformers to equal 
that of oil-filled transformers. This is a 
difficult problem to solve due to the low 
dielectric strength of air or of nitrogen com- 
pared with materials used in combination. 
Impulse voltages have the habit of stressing 
materials having low dielectric constants in 
a series combination. Voltage stress varies 
inversely to the dielectric constant. Some- 
day we hope to have the problem solved. 
Meantime, if over-voltages occur, rotating- 
machine type lightning arresters can be 
used such as 6-kvy rating for the 5-kv class 
transformers considered. Also, additional 
work can be done to determine the magni- 
tude of voltages transferred through sta- 
tion transformers to auxiliary transformers. 
Perhaps the protection problem is not as 
important as anticipated for many installa- 
tions. Porcelain radial spacers in high- 
voltage coils have a good service record. 
The thermosetting silicone laminate possess- 
es much greater mechanical strength but 
cost precludes its use at present for radial 
spacers. Thus far, no difficulty has been 
experienced by the expansion and contrac- 
tion of copper in coils at 150-degree centi- 
grade rise temperature and none is expected 
for the sizes of copper wire used for the 
transformer ratings covered in the paper. 
Moreover, short-circuit stresses have been 
withstood adequately by transformer wind- 
ings after being subjected to temperatures 
of 265-degree centigrade rise. Provisions 
have been made to take care of the dissipa- 
tion of heat at terminals and bushings of 
150-degree centigrade rise class-H trans- 
formers. The problem does not appear to be 
difficult. Standards for switchgear, backed 
by corresponding research work, should be 
made available as development work for 
transformers proceeds. New ideas demand 
co-ordinated studies by switchgear and 
transformer standardizing committees. 

Mr. B. M. Jones, from a safety standpoint, 
is interested in getting rid of oil in trans- 
formers used in buildings and confined 
places. We are heartily in accord with the 
idea of providing fire and explosion resistant 
class-H transformers for such applications. 
Moreover, the likelihood of increased fire 
insurance rates for oil-filled transformers 
due ta fires in stations, is an item for con- 
sideration. Regulation will be somewhat 
higher at 150-degree centigrade rise but not 
excessive, since reactive voltage drop, the 
larger component of regulation, is indepen- 
dent of temperature. Regulation at low 
power factors (50 per cent) approximates the 
per cent impedance of the transformer. 
Beneficial aging in cold rolled steel is found 
at temperatures of 130 degrees centigrade 
and above. Since class-H insulated trans- 
formers permit 100-degree centigrade higher 
operating temperature in air over class-B, 
about 5 per cent reduction in loss is noted. 
Cold rolled steel is annealed at the factory 
at about 800-degree centigrade temperature 
before fabrication with windings. However, 
after assembly with the windings, strains 
are introduced in the core steel which cannot 
be stress relieved by annealing due to tem- 
perature limitations of the insulation on 
coils and associated parts. Therefore, all 
measures possible are taken at the factory 
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to stress relieve the steel. And lastly as Mr. 
Jones infers we will continue the search for 
improvement of materials. 

Mr. R. H. Mertz and Mr. E. L. Leinbach 
inquire about the advantage of proposing 
150-degree centigrade temperature rise over 
120 degrees centigrade, and what is the 
ability of transformers to carry overloads. 
A temperature rise of 150 degrees centigrade 
assists in cutting down the amount of active 
material, core steel and copper, which helps 
defray the added cost of class-H insulation. 
Adequate temperature margin exists at 150- 
degree centigrade rise for the thermal life 
of silicone insulation. The ability of class-H 
transformers to carry overloads is substan- 
tiated by tests described in Table I of the 
paper wherein 160 per cent load was with- 
stood successfully for at least 8 hours. 

Mr. L. C. Whitman suggests that all de- 
sign factors be carefully balanced. These 
factors were carefully evaluated and class-H 
insulation has been found to be superior to 
other insulations for dry-type transformers. 
If nitrogen leaks occur, class-H transformers 
can continue to operate. For class-B in- 
sulation at similar temperatures in air, con- 
tinued operation is indeed hazardous since 
insulation life is drastically decreased. 
To make the varnish impregnating cycle 
practical a silicone-alkyd varnish was de- 
veloped. A mixture of 70 per cent silicone 
1esin, 30 per cent alkyd constituted the 
formulation. This mixture polymerized to 
good advantage during the cure cycle and 
it offered good abrasion and craze resistance 
and high gloss with freedom from voids. 
The cost of a class-H 150-degree centigrade 
rise sealed-in-nitrogen transformer approxi- 
mates 20 per cent more than a class-B 80- 
degree centigrade rise ventilated transformer 
for ratings considered. Class-H trans- 
formers have superior overload ability over 
class-B due mainly to the higher margin 
for thermal limits of the insulating material. 
Particularly, in nitrogen atmosphere, it 
appears that silicone insulation will with- 
stand 20- to 30-degree higher temperatures 
over that proposed in the paper for the same 
aging characteristics in air. In air-sealed, 
compared with nitrogen-sealed transformers, 
temperature gradients differ. This effect is 
also noted in electric equipment operated 
at high altitudes in air atmosphere. Positive 
pressure did exist which reduced the thermal 
gradient for nitrogen-sealed units as de- 
scribed in the paper. In general, tests dis- 
close that the temperature rise is less in 
nitrogen atmosphere as Mr. Whitman men- 
tions. 

Losses at 150-degree centigrade rise 
compared with 120 degrees will be somewhat 
higher but regulation at unity power factor, 
particularly for larger network and station 
auxiliary transformer ratings, will be af- 
fected only slightly since the reactive is 
greater than the resistive component. 
Moreover, loading conditions should be 
considered in designing the transformers. 
If peak loads occur only occasionally for 
sealed units the question of losses is not as 
important. _ Application data and duty 
cycles can assist greatly in arriving at op- 
timum designs. 

In conclusion, the author welcomes the 
suggestions and comments and it is hoped 
that this initial paper on the application of 
class-H insulation to transformers will stim- 
ulate further interest. 
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- The Inrush of Magnetizing Current in 


Single-Phase 


L. A. FINZI W. 
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HE inrush of abnormally high mag- 
| jee current, that may be noted 
when a transformer is energized, is a 
familiar switching transient described by 
Fleming! some 60 years ago and treated 
abundantly in the literature since. In 
recent years, the use of improved silicon 
steel at high operating flux densities and 
also the more exacting requirements of 
modern fusing and relaying co-ordination 
have lent renewed interest to this ques- 
tion,” 

A simplified and well-known treatment 
of the inrush transient, under the as- 
sumption of entirely negligible circuit re- 
sistance, shows that the alternating flux 
linked with the winding energized is dis- 
placed from symmetry by an amount that 
depends on the instant at which the cif- 
cuit is closed and also on the residual 
magnetism that may be left in the core 
from preceding operations. Most severe 
displacements occur if the circuit is closed 
when the alternating voltage is going 
through zero. In such cases, the flux 
linked with the primary winding reaches 
values moire than double the normal 
steady-state values, and enormous peaks 
of magnetizing current result which can be 
evaluated if the relationship between 
primary flux linkages and magnetizing 
current in the region of such unusually 
high saturation is known for the given 
transformer. A number of formulas, 
based on the above treatment with some 
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semiempirical corrections, are available 
in reference books for the calculation of 
the first peak of inrush current. 

The severity of the disturbances that 
may be caused to the system by the 
switching operation considered, however, 
can hardly be judged on the basis of the 
first peak of the inrushing current only, 
and more complete information on the be- 
havior of this current throughout the 
transient appears often desirable. 

Unfortunately, attempts toward a more 
complete analysis meet a serious diffi- 
culty. The damping of the inrush tran- 
sient is dictated by the resistance of the 
primary circuit, which therefore can no 
longer be neglected reasonably in any 
such studies. If resistive voltage drops 
are considered, the differential equation 
expressing Kirchoff’s second law for the 
circuit energized assumes a nonlinear 
form (in view of the nonlinear relation- 
ship between flux linkages and currents in 
the circuit) and a straightforward in- 
tegration is generally impossible. Design 
engineers know this difficulty and obtain 
semiempirical rules, to be used in connec- 
tion with co-ordination problems, from 
actual inrush tests performed on some 
fairly representative transformers; how- 
ever, the validity of such information is 
inherently limited to situations similar 
to those tested. 

The expediency of graphical or “finite 
difference” methods has been suggested 
also,4> but such procedures are lengthy 
and tedious and result only in particular 
numerical solutions, which do not yield 
an insight to the influence of changes of 
design or operating conditions. Analyti- 
cal approximations also have been tried 
in the literature’ under the assumption 
of zero initial residual flux and treatments 
in terms of a “broken line” representation 


vs 


/ 


ve 


of the magnetization curve also have beet 
given?’ but, in either case, procedure 
and results are not simple. 

It is the purpose of this paper to de 
rive a comparatively simple formula tha 
expresses the first as well as the subse 
quent peaks of inrush currents in terms o 
line voltage and pertinent factors of de 
sign with accuracy adequate for studie 
of this nature. 


Method of Analysis 


The differential equation of the circui 
energized is written: 


d 
Ey, sin wt =Rit (1 


where 


Em=crest of the applied voltage (volts) 

w=electric angular velocity (radians pe 
second) 

t=time from the instant at which th 
transient is initiated (in seconds) 

R=a-c resistance of the circuit at rate 
frequency (ohms) 

i=instantaneous value of the curren 
(amperes) 

y =corresponding total flux linked with th 
circuit (weber-turns) 


The actual relationship between y and 
is assumed to be known for the give 
transformer. (Procedures for its af 
proximate determination from data of de 
sign are known and will be reviewe 
later.) In order to attempt an analyticé 
solution of equation 1, this relationshi 
must be approximated by some suitab! 
analytical expression. The  functio 
chosen must meet a number of somewhe 
contradictory requirements as it must f 
the given curve reasonably well, at lea: 
in the most interesting region of hig 
saturations, while on the other hand, 
must be continuous and simple enough t 
allow for further integration. An aj 
proximation of the type = Ay?+By+ 
(where A, B, and C are convenient! 
chosen constant coefficient) may be sui 
able, as the substitution of this value of 
in equation (1) yields a so-called Ricca 
equation which, through convenient sul 
stitution of variables can be converte 
further into a general Mathieu equatio 
for which methods of solution are know 
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A-ACTUAL i) 
B-EXPONENTIAL EQUIVALENT 
/| 


ACTUAL~75 KVA TRA LU! 
CALCULATED Gane 


ACTUAL- 5 KVA TRANSFORMER 


CALCULATED 
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MAGNETIZING FORCE-OERSTEDS (TIMES 1000) 


igure 1(A). Magnetization curve 75-kva 
50-volt transformer. (B). Magnetization 
curve 5-kva 450-volt transformer 


Easier analytical manipulations result, 
owever, as shown later, if the given 


=f(W) relationship is approximated 
imply by the function 
aa K, ev (2 ) 


there K, and Ky are constant coefficients 
nd € is the basis of the natural logarithm. 
It may be noted at this point that 
either the parabolic nor the exponential 
pproximation suggested may be too good 
9 represent a normal magnetization 
urve for all purposes, and, in fact, both 
inctions are bound to yield more or less 
troneous values of 7 when y approaches 
ero and reverses. However, in this 
ransient yw reaches abnormally high 
alues in one direction only; and the 
valuation of the integral /Ridt, which 
etermines the decay of the successive 
eaks of flux, is not affected by appre- 
lable errors by a not too accurate ap- 
roximation of 7 in those portions of the 
ycle in which the current happens to be 
mall, Asa matter of fact, it may be con- 
dered erroneous in principle to start 
‘om any 7=f() relationship obtained on 
he basis of normal magnetization curves, 
ecause the core material, with an initial 
ssidual, will describe a succession of 
symmetrical hysteresis loops of rather 
nknown nature. However, in view of 
he above considerations applying to the 
rush problem, it appears that only an 
pproximate knowledge of the 1=f(y) 
lationship is needed at low values of 
ux density. 


olution 
With the substitution 
=y'+y" (3) 
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where 
E, 
p' =—— cos wt (4) 
@ 
equation 1 transforms into 
Bi ” d if 
O=RK 040) 44 (5) 
dt 
and 
= Koy” 


—Kiyo" RK ot 
oe = K'det (6 
Ky Ky x, a Siete ts” 


Yo" is the value of y” at the time #=0. At 
this time ~=Wp, where Wp is the initial 
flux linkage due to residual magnetiza- 


tion. Therefore, from equations 3 and 
4 
En 
yo =—- VR (7) 
@ 
and 
2h” 
1 
Rik f (2 
es OW "dutte ss ra) (8) 
@ 
0 


By substituting in equation 2, the solu- 
tion for the current is: 


iim 
—K,— cos wt 


| Ke 
1= foal cnet 
RE} K: oy + Ki me t 
1 ae é 2 COS w nie 
2 ) 


cof (Sen) 
(9) 


The integral appearing in the denomina- 
tor can be evaluated by expansion of the 
exponential and integration of the various 
terms of the series obtained; and, there- 
fore, 7 can be calculated more or less 
laboriously for any instant during the 
transient. The first, second, third, ...nth 
peaks of inrush current, however, occur 
at approximately wt=7,37,5m...(2n-1)r 
and, for such values of the limit of inte- 
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same 


NUMBER OF CYCLES 


Figure 2. “Inrush current crests 


gration, the expression of 7 becomes very 
simple. In fact, using 


_KEm 


a= 


(10) 


@ 


the integral becomes: 


(on —1)4 
if: e605 Od eyf = (2n—1)X 
0 


She DBA deals 2746) 6k 
(11) 


(12) 


=(2n—1)b 


where b, thus defined, is easily calculated. 
For usual values of a the series converges 
very rapidly and it is generally sufficient 
to consider only the first three terms in 
equation 11. (In fact b is m times the 
modified Bessel function of the first kind 
and of zero order for the parameter a.) 
Hence, for the current 7, at the nth peak, 


Ker 


2K, Keb 
he 
w 


in = 
ae eayE Te) (13) 


In view of the already mentioned inade- 
quacy of the analytical representation of 
equation 2 in regions of comparatively 
low fluxes, the validity of equation 13 
decreases as the inrush peaks decay. 

It may be pointed out, also, that a fur- 
ther determination of the effective values 
of the current during any cycle can be ob- 
tained approximately in many obvious 
ways. For example, the value of yj,” 
at the crests can be obtained, 


(14) 


and a continuous curve can be drawn for 
y” at intermediate times to represent ap- 
proximately its decay. The instantane- 
ous value of current needed for the cal- 


1437 


culation of cyclic effective values are ob- 
tained on the basis of instantaneous 
values of total flux linkages 


E, 
y=y"—— cos wt (15) 
@ 


used with equation 2 or more directly 
from the original curve of i=f(w). Prac- 
tically, this procedure may be applied toa 
few cycles to obtain a crest factor as a 
means for determining intermediate 
values. 


Examples and Method of Calculation 


In order to apply the method indi- 
cated to specific situations, the relation- 
ship between magnetizing current and 
flux linkages must be known for the given 
transformer. For low values of flux 
densities, normal magnetization curves 
applied to the magnetic circuit of the core 
can be used with well known procedures 
to obtain this information. However, a 
most interesting portion of the 7=f(p) 
curve lays in a region for which the core 
is completely saturated. For this region, 
as suggested by others,” the relationship 
becomes linear and 
Bape eey (16) 

Ac 
where 


B=equivalent flux density (gausses) 

Bsat =Saturating flux density (usually be- 
tween 19,200 and 21,200 gausses) 

Ag=space between the exciting winding and 
the core (square centimeters) 

A,;=area of the core 


H=magnetizing force (oersteds) 


yw and 7 can be obtained from equation 
16 as follows: 


0.4aN (amperes) 


and 


v= NA-BX10-$ (Webers) (18) 


and 


N=number of turns 
]=length of the windings (Centimeters) 


It is to be noted that since y repre- 
sents the total flux linkages in the cir- 
cuit, allowances can be made for external 
inductances between the source of voltage 
and the transformer. Figure 1 shows ex- 
amples of portions of B-H curves ob- 
tained for two different transformers from 
equation 16. A fitting exponential func- 
tion (represented as a straight line in the 
chosen semilog co-ordinates) is also shown 
for each case. Of course, some judgment 
is needed in any instance to find a fit 
that is close enough to the original curve 
over a wide enough range. The proper 
choice, however, is not too critical in 
terms of the final results. In any case, it 
is to be remembered that the original 
curve to be fitted unfortunately is gen- 
erally assigned with a not too high degree 
of accuracy so that any search for refine- 
ments in the fitting operation would be 
deemed unwise. 

As a further step, the constants K, 
and K, of equation 2 are obtained from 


(17) - 


the corresponding constants of the, expo- | 
nential fit of the B-H curve by means of 
equations 17 and 18. 

Figure 2 gives a comparison between in- 
rush peaks obtained experimentally and 
peak values calculated by means of equa- 
tion 13 for the first five peaks. Instan- 
taneous values of inrush current obtained 
with the procedures of equations 14 and 15 
also compare closely with oscillographic 
tests. 
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Synopsis: In the past, feedback control 
systems have been designed by methods 
employing educated guesses, guided con- 
ception or dynamic synthesis.! Under the 
restrictive assumption that the fixed part of 
the system—the summing point, final con- 
trol element and essential auxiliaries peculiar 
to the particular system—can be described 
by a linear differential equation with con- 
stant coefficients, a method is suggested 
herein whereby feedback control systems 
can be synthesized to prescribed perform- 
ance requirements by a more direct pro- 
cedure. A mathematical description of the 
desired frequency response, based on the 
location of the poles and zeros of the closed 
loop function, is made which insures that 
the specifications of velocity or acceleration 
error constant, bandwidth, and relative sta- 
bility will be met and provides for accept- 
able system transient response. Algebraic 
manipulation yields the transfer function of 
main loop and subsidiary feedback loop 
corrective networks required to meet the 
specifications. 


HE evolution of design techniques 
for feedback control systems has pro- 
ceeded from the early gadgeteering meth- 
ods and empirical relationships to a point 
where convenient illuminating means are 
available for a complete analysis of the 
most complicated system. Application of 
the mathematical techniques of the La- 
place transform, the complex variable, 
and other powerful tools borrowed from a 
variety of fields of scientific endeavor 
have facilitated the study of the differen- 
tial equations that describe the dynamic 
performance of feedback control systems. 
Theorems of network analysis and syn- 
thesis have been especially important in 
their application to problems involved in 
feedback control. 
The most common method! for design- 
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ing a feedback control system deals with 
means for shaping the locus of the open 
loop transfer function. A direct mathe- 
matical procedure for synthesizing a feed- 
back control system to a desired per- 
formance has been investigated by Herr 
and Gerst? and complemented by a dif- 
ferent analytical procedure by Travers.’ 
In both of the above papers, the authors 
are concerned with a particular class of 
open loop functions, and optimum syn- 
thesis based on a minimum bandwidth 
design. More recently, Major Henry M. 
Clanton’ has attacked the synthesis 
problem from the viewpoint of the system 
transient response to a step function in 
command. In the present paper, fre- 
quency analysis techniques will be em- 
ployed in the synthesis procedure; how- 
ever, an attempt has been made to provide 
a method which integrates with the 
transient study. 


Performance Specifications 
| 

In designing a feedback control system 
for a particular application, it is, of 
course, essential that the designer have a 
definite goal in mind. This goal can be 
expressed in the form of a desired re- 
sponse to an arbitrary input. The most 
common forms are the transient response 
to a step function input and the response 
of the system to a sinusoidal input at 
various frequencies. In the latter case, 
the magnitude and phase of the ratio of 
response, 7, to command, c, is specified 
as a function of frequency. 

A specific transient response may be the 
ultimate aim of the design and may be 
verified experimentally with a minimum 
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of instrumentation. However, the mathe- 
matical techniques available lend them- 
selves quite readily to system design on a 
frequency response basis. The empirical 
correlation between frequency response 
and transient response mentioned in ref- 
erences 1, 6, and 8, and further empha- 
sized in the main body of this paper, 
makes it possible to use the convenient 
analytic tools based on frequency re- 
sponse and still insure acceptable system 
transient performance. Further con- 
siderations of performance specifications 
and choice of components for feedback 
control systems are given in the succeed- 
ing paragraphs. 

The fixed part of the system, defined 
as the summing point or comparing 
means, the final control elements and 
auxiliaries essential to the performance of 
a particular system, are either chosen or 
designed on the basis of the specifications. 
Load inertia, maximum velocity and ac- 
celeration of the load, and torque dis- 
turbances on the output shaft as well as 
other considerations peculiar to the type 
of control and medium for control deter- 
mine the choice of the final control ele- 
ment. In addition, the practical con- 
siderations of size, weight, and space 
availability, as well as cost, must be in- 
cluded in the proper choice of the physical 
components that are integrated into the 
feedback control system. 

In order to determine the required gain 
factors and sensitivities of the various 
components, the allowable steady state 
errors under either constant velocity or 
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onstant acceleration input must be con- 
sulted. In roll stabilization problems, 
these gain factors may be determined by 
the maximum allowable errors at the 
dominant roll frequency. 

System bandwidth must be limited for 
the following reasons: 


1. Mechanical resonance of the dynamic 
elements in the indirectly controlled system 
external to the control loop must be avoided. 


2. System noise must be attenuated to pre- 
yent saturation and overloading of the sys- 
tem components. 


3. It is desirable to limit the bandwidth in 
order to minimize the frequency response 
required by the physical elements of the sys- 
tem.? For this application, the bandwidth 
or pass band of the system will be defined as 
that band of frequencies between 0 and a. 
w,; is the cut-off frequency of the system, the 
highest frequency at which |r(jw)/c(je)| is 
unity. 


It is, of course, mandatory that the 
system operate with sufficient stability 
margin so that severe oscillations do not 
occur when inevitable changes in system 
parameters take place. It has become 
common practice to use the peak value of 
r(jw)/c(jw)| as a measure of relative 
stability since this magnification (M,) 
determines the proximity with which the 
open loop locus approaches the Nyquist 
point, —1, 70 in the complex plane. 
Therefore, in this paper M, will be used as 
a measure of the degree of system sta- 
bility. 

It will be shown that a mathematical 
description of the closed loop function 
can be made that will include the speci- 
fication of system bandwidth, velocity or 
acceleration error constant, and relative 
stability. In addition, by the introduc- 
tion of dominant or principal poles of the 
closed loop function, one can insure good 
system transient response. 

In this paper, the continuous control of 
a linear, lumped-constant parameter 
feedback control system will be con- 
sidered. The transfer function relating 
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the response of such a system to its input 
is a proper rational algebraic fraction’ 
given by the ratio of two polynomials in the 
Laplace transform variable, s. This trans- 
fer function will be written in factored 
form, thereby permitting a rapid transfor- 
mation from the domain of the complex 
variable into the time domain by means 
of partial fraction expansion and the in- 
verse Laplace transform. Therefore, the 
system transient response may be ob- 
tained in closed form. In order to de- 
termine transient response using the syn- 
thesis techniques commonly employed 
roots of ‘high degree polynomials must be 
found before the transformation to the 
time domain can be made or tedious 
numerical approximations are used which 
do not yield the mathematical form of the 
response. Figures 1, 2, and 3 define some 
of the terminology used in this section and 
the succeeding sections of the paper. 

The response of the system to external 
disturbances such as noise and load 
torque disturbance will not be considered. 


Description of the Closed Loop 
Function 


It has been stated in the previous sec- 
tion that the closed loop function relating 
the response, 7, of the feedback control 
system of Figure 1 to its input, c, can be 
expressed as the ratio of two polynomials. 
Initially, for purposes of generality, it 
will be assumed that this system function 
contains p real poles, g pairs of complex 
conjugate poles, u real zeros, and v pairs 
of complex conjugate zeros, and that 
p+2g>u+29. Furthermore, since dis- 
cussion will be limited to stable systems, 
all of the poles will be found in the left 
half of the complex plane (LHP) and 
poles on the real frequency (jw) axis as 
well as zeros at the origin will not occur. 
The system function described above and 
its relation to the open loop transfer 
function, KG, is given in equation 1. 


POINT KoGo Kin Grn 
cok egg BENS papas ERE 
a ING MANIPULATED | ELEMENTS [conTR 
T SIGNAL | VARIABLE | CONTROL ED VARIABLE betes. 
PRIMARY FEEDBACK | 
Figure 1. Block diagram of feedback control system 
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r_ KG _ Ms) / 
EEC mes) 


Tex +oll(S +241) 


peta t=1 


(1) 
Toro (f+ 41) 


i=1 i=1 


where r=7(s). 


The X; are the negative reciprocalS of 
the real zeros of equation 1 and the R, 
are the negative reciprocals of the real 
poles. a; and ¢; are the nondimensional 
damping factors of the quadratics, while 
y; and 8; are the undamped natural fre- 
quencies of the quadratics. 

In order to establish a starting point for 
the synthesis procedure, it is obviously 
necessary to determine the minimum 
number of poles and zeros required to 
describe the closed loop function for a 
given application. The following theorem 
serves this purpose: 


Theorem 1. The difference between the 
number of poles and the number of zeros of 
the closed loop function is greater than or 
equal to the difference between the number 
of poles, 2, and the number of zeros, m, of 
the fixed part of the system. 


This can be stated mathematically by 
the following inequality 


p+2g—u—20> n—m (2) 


The proof of equation 2 follows directly 
from the fact that the high-frequency 
asymptote of the closed loop function 
must be identical to the high frequency 
asymptote of the open loop function. 

In the appendix, it is shown that the 
velocity or acceleration error constant 
can be expressed in terms of the poles and 
zeros of equation 1. This important re- 
sult is placed in the appendix so that the 
resulting imposing equations do not tend 
to distract the reader from the practical 
usefulness of the synthesis procedure. 
Furthermore, these equations reduce to 
simple forms when applied to a specific 
problem. This fact will be further illus- 
trated in the succeeding paragraphs. 

In order to more fully explain how the 
location of the system poles and zeros de- 
pend on the specifications, some general- 
ity will be sacrificed for clarity, For most 
applications of feedback control systems, 
the generalized equations 1 and 2 can be 
reduced to 


t=1 _ Ms) 
2 ie 
ai (sRe+ f+ s+ | i 


4=% 
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Figure 2. Typical amplitude versus frequency curve 


and 


p+2—-u>n—m (4) 


The location of the poles and zeros of 
equation 3 in the s plane are shown in 
Figure 3. 

The use of equation 3 rather than 
equation 1 can be justified for clarification 
of the procedure as well as for the follow- 
ing reasons. For values of a;> 0.6, or for 
values of y; well outside the pass band, the 
complex conjugate zeros of equation 1 
can be adequately represented over the 
frequency range of interest by two real 
zeros. The introduction of only one pair 
of complex conjugate poles is of basic im- 

“portance. These complex conjugate 
poles are the dominant poles® and insure 
that the general form of the transient re- 
sponse will be acceptable for most ap- 
plications. 

It is stated in reference 1, page 109, 
“Any system for which M, does not ex- 
ceed about 1.4 probably will have tran- 
sient performance acceptable for most ap- 
plications’. This contention has been 
verified for some simple feedback control 
systems in a masters thesis® written at the 
University of Pennsylvania. Further- 
more, this correlation is excellent for more 
complicated ‘‘well behaved systems’’.4 
The magnitude curve of a well-behaved 
system is shown in Figure 2, and it is 
further assumed that a _ well-behaved 
system will have a closed loop function 
that contains one pair of dominant com- 
plex conjugate poles in addition to its real 
poles and zeros. 

System bandwidth and transient re- 
sponse are governed by the complex con- 
jugate poles of equation 3. These are the 
dominant or principal poles. The re- 
maining real poles are placed well out in 
the left half of the s plane (LHP) or ad- 
jacent to a zero so that they may give 
negligible contribution to either system 
bandwidth or general form of the transient 
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Figure 3. 


response. The location of the secondary 
poles is determined from the specification 
of steady state error under constant 
velocity or constant acceleration input, or 
from the specification of allowable errors 
at the dominant roll frequencies. In ad- 
dition, for cases when ¢ is required to be 
> 0.707, the adjacent poles and zeros 
determine the value of relative stability 
and to some extent system bandwidth. 
As an example of the use of this method, 
consider the feedback control system of 
Figure 1. The transfer function for the 
final control element and _ controlled 
system K,,Gm is given by: 
ix Km 
© (STi 41) (STe + 1ST +1) 
This transfer function is typical of that 


obtained in the following physical sys- 
tems: 


KmGm (S) 


1. A rotating magnetic amplifier (ampli- 
dyne) providing armature current for a 
separately excited d.c. motor driving a load 
consisting of inertia (J) and viscous friction 
(f). Shaft elastance and tooth deflection in 
the gearing is negligible. In this system, 
the magnitude of the electromagnetic time 
constant of the amplidyne direct axis and 
motor armature circuit is very much smaller 
than the mechanical time constant (J/f).6 

2. A d-c generator providing armature 
current for a separately excited d-c motor 
under the same load conditions as above. 
However, in this system, the electromag- 
netic time constant must be considered in 
order that KmG»m be its transfer function. 


In both of the systems mentioned 
above it is assumed that the summing 
point can be represented by a gain or 
sensitivity factor K,. The essential con- 
trol elements in K,G, (preamplifier, phase 
sensitive detector, driving stage, and so 
forth) do not introduce appreciable lag in 
the range of control frequencies of in- 
terest. 

Many other physical systems can be 
represented by an equivalent number of 
poles and zeros. One such nonelectrical 
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Location of poles and zeros of system function 3 


final control configuration with an equiv- 
alent number of poles and zeros would 
consist of an axial piston hydraulic trans- 
mission whose stroke control transfer 
function can be represented by a simple 
time constant. 

It is further assumed for the system of 
Figure 1, that the following rather dif- 
ficult performance requirements deter- 
mined from the specifications must be met: 


Velocity error constant, Ky=2,000 sec.~ 

Bandwidth f,=10 cycles per second or less. 

My=1.3 or less at a frequency greater than 
3.5 cycles per second. 

The transient response shall have essentially 
one small overshoot (well-damped 
response). 


The physical time constants of the 
fixed part of the system are as follows: 


T,=0.01 second, 7;=0.11 second, 7; =0.034 
second. 


From Theorem 1, the simplest form for 
equation 3 is 

Ms) _ 1 

Ds) i 


Soe 


: 8 Mi, (6) 
(sR Hyske+1] + B 44] 


From equation 32 in the appendix, the 
velocity error constant is 


Ky=- - = 2,000 


2 if 
RAR+ a 


pe Safin 10-=4Rit+R fects (7A) 
K Sy) = LN: 2 B 


v 

R, and R, can be made small consistent 
with equation 7(A), but any attempt to 
make 2¢/B<5 xX 1074 will produce a 
system with poor relative stability (small 
¢) and/or a system with an extremely 
large bandwidth. Therefore, equation 6 
must be modified in order to realize the 
desired value for the velocity error con- 
stant, and still meet the remaining per- 
formance specifications. 
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Figure 4. Location of poles and zeros of system defined by equation 10 


The next simplest function for equation 
3 is: 


MS) 
Ds) 
; (sX3+1) : 
st co 8 
(sRit+1)(sRe+1)(sRs+1) Ee +1] 


For this function, 
d 5X10-4*=Ri+R.+R yee X, (9) 
aw. — 2 Saar 

K, 1 2 3 8 
If the sum of the negative reciprocals 
of the real poles well out in the L/T7P is set 
equal to the reciprocal of the velocity er- 
ror constant, then 

1 AS 
Ee Pa ec ta (9A) 
A value of ¢>0.707 will be chosen in 

order that we have low overshoot for the 
system transient response and low peak 
for the system frequency response, With 
a particular value of ¢, B is determined 
from the value of desired bandwidth from 


frequency response curves of the domi- 
nant quadratic function 


wo tw Io 
BGagt leg 


The amplitude and phase character- 
istics of this function are plotted against 
w/8 for various values of ¢ in reference 6, 
pages 144 and 176. Since ¢>0.707, this 
quadratic factor will not have a peak in 
its frequency response curve, therefore the 
bandwidth will be defined as that fre- 
quency for which the quadratic is down 
between 1 to 3 decibels. This new defi- 
nition is required because X will always 
be greater than R; by an amount 2¢/8, 
see equation 9(A), thereby raising the 
ratio |r(jw)/c(jw)| by an amount, 
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ee 
1+w?R;? 
Values of (=0.8 and B=80 were chosen 
in order to meet the specifications of 
bandwidth, relative stability, and form of 
transient response. If X,; and Rs are 
placed adjacent to each other and as close 
to the origin in the LHP as is consistent 
with equation 9(A), then the desired peak 
ratio (M,) can be realized with negligible 
increase in bandwidth. The final adjust- 
ment of the adjacent poles and zeros as 
well as the adjustment of ¢ and B can be 
accomplished by several methods, three 
of which are mentioned in the following: 


1. Plot |N(jw)/D(jw)| on a Bode diagram 
using the values of the poles and zeros de- 
termined from the equation Ky. Adjust 
the adjacent poles and zeros, and the com- 
plex conjugate poles if-necessary, until the 
other performance requirements are met. 
This can be done rapidly by the method of 
plotting asymptotes. 


2. If the poles and zeros of the closed loop 
function are plotted in the s plane, the 
closed loop frequeucy response can be 
checked rapidly by graphical means. The 
use of the “Spirule’” or transparency 
equivalent to it will facilitate this procedure. 


3. An analytic method that eliminates 
graphical work can be employed by writing 
the equation for | N(jw)/D(jw)|. Choose the 
frequency (wp) at which M> occurs and sub- 
stitute this frequency and. M, into the 
magnitude equation. Since M=1 at w=we, 
another equation results that further re- 
stricts the closed loop. parameters. With 
the aid of the equation for the over-all sys- 
tem velocity error constant, and the equa- 
tions that result from the above, three 
closed loop parameters can be determined 
by the simultaneous solution of these three 
equations. In addition, when other speci- 
fications must be satisfied, additional equa- 
tions based on the amplitude or phase char- 
acteristics of the closed loop function can be 
derived. The final set of equations are not 
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linear simultaneous equations and their 
simultaneous solution will eventually, lead 
to the solution of a high degree polynomial. 
In view of the labor involved in setting up 
and solving the resulting polynomial, it is 
felt that this analytic procedure may be 
uneconomical for general engineering appli- 
cation. 

Additional means for final adjustment 
of the closed loop parameters are being 
investigated with emphasis on the use of 
graphs and nomograms. 

For the example previously cited, 
method 1, was used and the following 
values determined for the closed loop 
parameters, 


R,=2X10~4 seconds 


pena S 


second 
X;=0.08 second R; = 0.06 second 


R,=8X 1074 seconds 


When these values are substituted in 
equation 8, then 
Ns) 


((0.08s-++ 1 J}. 


D(s) (3X10~4s-+1)(2X 1074s-++1) X 


ee 
(0.06s-+1 | sano t 2.024 | 
(10) 


The poles and zeros of this function are 
plotted in Figure 4. The system transient 
response to a unit step function input is 
readily approximated by 


r(t) 10.476 ot 
2.326°™* sin (48t—-140.7°) (11) 


The poles well out in the LHP have 
been neglected in the transformation from 
the s domain to the time domain. These 
poles do not appreciably affect the tran- 
sient response except in the immediate 
neighborhood of t=0. The closed loop 
frequency response curve and the tran- 
sient response of a system described by 
equation 10 are plotted in Figures 5 and 6 
respectively. Both of these curves in- 
dicate that the performance specifications 
will be met if the proper compensating 
networks are employed. The derivation 
of the transfer function of the required 
compensating network is the subject of 
the remaining sections of this paper. 


Determination of Required 
Compensating Networks 


Under the restrictive assumption of 
linearity and no coercive forces between 
components, the open loop transfer func- 
tion of the single loop feedback control 
system of Figure 1 is the product of the 
transfer function of its components. If 
the transfer function of the fixed part of 
the system is denoted “by K,KpG, and 
that of the compensating network by 
K,G,, then from equation 3 
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N(s) 


kag (D(s) — Ms)| KeKmGm 


(12) 

At this point of the synthesis procedure, 
it becomes necessary to determine the 
roots of [D(s)—N(s)], which is in general 
a polynomial of degree ,+2 with b zero 
roots. bis unity for a zero positional error 
system, two for a zero velocity error sys- 
tem, and so on. The roots of [D(s)— 
N(s) }'may be obtained by the root squar- 
ing process of Graeffe,’ synthetic division, 
and so forth. 

A more desirable and rapid graphical 
method can be employed if the equation 
[D(s) — N(s)]=0 is written in the follow- 
ing form: 


(13) 


If D(s)/N(s) is plotted against the real 
variable a, the real poles of equation 11 
will be obtained when D(a)/N(a) crosses 
the unity line. In addition, the ‘Root 
Locus’’ method" is directly applicable to 
the determination of the roots of equation 
12. 

In a great many cases, it will be pos- 
sible to reduce the degree of [D(s) —V(s) ] 
by neglecting the poles of the closed loop 
function well out in the LTP. 

After an expression in the form of the 
ratio of two factored polynomials is ob- 
tained for K,G,, a physically realizable 
network or networks must be derived 
to give the required transfer function. In 
simple cases, it is possible to determine 
the physical network by inspection of the 
transfer function. The recognition of 
simple forms is an important part of the 
procedure. 

In recent years, the emphasis in the 
field of network synthesis has been on the 
physical realization of transfer functions 
encountered in the design of resistance 
capacitances corrective networks for feed- 
back control systems.1!~'’ The elegant, 
though mathematically involved, methods 
of network synthesis are becoming in- 
creasingly important in the design of feed- 
back control systems and should ulti- 
mately become an integral part of the 
procedure discussed in this paper. 


For the example previously cited, 


{[D(s)— N(s)] =5.6 X 10715 [54-+8.48 X 
10458+- 1.79 X 1075?+-2.48 x 
109s-+-8.89 K 108] (14) 


and after factoring by synthetic division 


[D(s)— N(s)] =5X10~4s [(2.785+1) 
(6.72 X10~8s+-1)(8 KX 10~4s-+ 1) 


(2X10~4s+1) (15) 


If the transfer function of the fixed 
part of the system, equation 5, is sub- 
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stituted into equation 12, along with 
14 


2,000(0.085-+1)(0.01s-+1)X 
(0,084 1)(0.118+1) 
KK m(2.785-+1)(0.00675+ 1) X 
(3X 1074s +1)(2 107451) 


RG, = (16) 


If the poles of D(s) well out in the LHP 
are neglected 


D(s)— N(s)=s?X 1,356 X 10>8(0,0069s-+ 1) 
(17) 


When [D(s)—N(s)] is approximated by 
equation 17, KG, becomes 


740(0,085-+1)(0.01s-+ 1) 
(0.084s-+1)(0.11s+1) (18) 


K.Ge®- = 
Ke Kms(0.0069s-+ 1) 


Both equations 18 and 16 are equiva- 
lent over the range of control frequencies 
of interest, with the exception of the im- 
mediate vicinity of zero frequency. If the 
compensating network defined by equa- 
tion 18 can be physically realized, the 
system will become conditionally stable, 
but will have zero steady state error for 
constant velocity inputs. The physical 
realization of a pure integration is difficult 
to achieve in practice. Therefore, if the 
factor 740 in the numerator of equation 18 
is increased to 2,000, and the pure in- 
tegration changed to (s2,000/740+1) the 
following transfer function results 


2,000(0.085-+1)(0.01s-+1) X 
KG, = —_(0.084s-F1NO.11s+1) (19) 
KK m(2.75-+1)(0.00695-+1) 


Again, over the frequency range of in- 
terest, equations 19, 18, and 16 are all 
equivalent, and must be physically 
realized as closely as possible to insure 
that the feedback control system meet the 
foregoing performance specifications. The 
resulting transfer function for K,G, may 


be interpreted physically in the following 
manner: the transfer function of the 
fixed part of the system is first removed 
after which a residual transfer function 
capable of meeting the performance 
specifications is synthesized. 

The transfer function given by equation 
16 can be realized by one lag network and 
three lead networks! provided these net- 
works are isolated by the choice of proper 
impedance levels, cathode followers, or 
constant resistance networks. The lead 
networks are required to be very broad 
and while little or no attenuation will 
occur at the noise frequencies, a con- 
siderable amount of attenuation will occur 
at the control frequencies. In order to re- 
tain the same system velocity error con- 
stant when the common passive lead net- 
works are employed, considerable am- 
plification is required to make up for the 
high direct current attenuation of these 
networks. The combination of this ad- 
ditional gain and the fact that lead net- 
works accentuate the noise or spurious 
signals with steep wave front, will cause 
saturation of the electronic amplifiers and 
rapid deterioration of system perform- 
ance, 

Active networks which take many 
different physical forms can be employed 
to realize the transfer function of equa- 
tion 16. Further exhaustive treatment 
of the variety of forms taken by com- 
pensating networks is beyond the scope of 
this paper. 

In the next section a method is sug- 
gested whereby all or a portion of the 
compensating function can be performed 
in subsidiary feedback loops. In addition 
to reducing the complexity of K,G,, this 
method will permit one to use only pas- 
sive resistance capacitance networks for 
main loop compensation, 
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Figure 5. Frequency response for system defined by equation 10 
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Figure 6 (above). 
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Multiple Loop Systems 


Subsidiary or internal feedback loops 
have long been recognized as a useful 
means for compensating feedback control 
system.? This type of feedback reduces 
the number and complexity of main loop 
compensating networks required, and, in 
addition, owes its usefulness to the follow- 
ing: 

1. Adequate power is available at the out- 
put end of the system to drive low imped- 


ance networks in the subsidiary feedback 
path. 


2. Feedback controllers with internal feed- 
back are generally less sensitive to inevita- 
ble changes in system parameters and ex- 
traneous torques applied to the output end 
of the system. 


3. Linearity of the system is generally 
improved. 


If the open loop transfer function of a 
feedback control system with a subsidiary 
feedback loop about the fixed part of the 
system and no main loop compensation, 
is compared with that of the single loop 
system of Figure 1, the transfer function 
of the subsidiary feedback loop must 
satisfy the following equation in order 
that the two systems be dynamically 
equivalent 


K, ™m™ G. ™m 


KjG;= (20) 

G, is the frequency variant term in the 
transfer function of the required main 
loop compensating network given by 
equation 12. Negative feedback has been 
assumed, Equations 12 and 20 can be 
used to manipulate network transfer 
functions to change their physical loca- 
tion and form according to the dictates of 
practical design. Furthermore, equation 
20 can be modified so that the internal 
feedback loop also encloses a portion of 
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Response of system defined by equation 10 to unit 
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Figure 7 (right). 

Block diagram of 

dynamically equiva- 
lent systems 


the main loop compensating network. 
See Figure 7 for several possible con- 
figurations for achieving the same system 
dynamic performance with vastly dif- 
ferent corrective networks. The number 
of different configurations is limited only 
by the number of factors of K,G,. 

The manipulated variables (current, 
voltage, flow, and pressure) of the fixed 
part of the system and their relation to the 
controlled variable should be well known 
so that the required feedback function be 
performed most practically. 

As an example of the extension of the 
synthesis procedure to multiple loop 
systems, consider the example used in the 
previous sections. If the transfer function 
given by equation 16 is separated in the 
following manner 


2 
Riki 


em 


__-(0.085+1)(0.11s+1) 
“) (2.785 +1)(6.72 X10~*s +1) 
(0.01s-+1)(0.034s-+1) 
(3X10~4s+1)(2X 10-4541) 


3 Ge=GiGz 


(21) 


Then, for dynamic equivalence of the 
configuration of Figure 7(B) (with G;=1) 
and Figure 1, 


1 1 
Rg -1]x 
Cs be KmGmnK.Gs 


For the values cited above 


(22) 
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AND (b) IS EQUIVALENT TO (c) 


Gp= G, GoG3G4, Kc=K, Ka, Kt2Gre"[G5 | x! + Kern, Gp,KoC2 


KmGmKeGe 


2.65%3.8X10~8s +1) 
WE = 
4 K,Km(0.08s+1) 


(23) 


This feedback function can be realized 
by negative feedback of the first two time 
derivatives of the controlled variable 
through a high pass or derivative net- 
work. For the physical systems pre- 
viously mentioned, this function can be 
realized by using a bridge circuit fed from 
the common armature circuits of the 
final control elements.® 

The G, transfer function can be ap- 
proximated by a simple active resistance- 
inductance-capacitance network, a sym- 
metrical lattice made up of only resistance- 
capacitance components,'* or by several 
other networks. The system gain factors 
governed by equations 21 and 23 can be 
adjusted consistent with practical re- 
quirements. 


Conclusion 


It has been shown that the synthesis of 
feedback control systems to prescribed 
performance requirements is a straight- 
forward procedure which can be sum- 
marized in the following manner. 

1. Choose the fixed part of the system 
from the specifications and other con- 
siderations. 

2. Set up the poles and zeros of the 
closed loop function in accordance with 
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the specifications. The pair of complex 
conjugate poles are the dominant poles 
and are chosen on the basis of bandwidth 
and relative stability for the desired fre- 
quency response and sufficient damping in 
the case of transient response. The 
secondary poles and zeros are then ad- 
justed to give the desired velocity or ac- 
celeration error constant with negligible 
increase in bandwidth. 

8. After the system function is ob- 
tained, algebraic or graphical manipula- 
tion yields the transfer function, equa- 
tion 12, of the required main loop com- 
pensating network. An additional ex- 
pression, equation 20, can be employed to 
determine the transfer function of a sub- 
sidiary feedback loop equivalent to all or a 
portion of the main loop compensating 
network. 


Appendix 


Velocity and Acceleration Error 
Constants in Terms of the Poles and 
Zeros of the Closed Loop Function 


From equation 1, the open loop transfer 
function of the feedback control system of 
Figure 1 is: 


7 N(s) 
~ D(s)— Ns) 


If equation 24 is the open loop transfer 
function of a system that contains only one 
net integration (a zero positional error sys- 
tem), the velocity error constant is defined 
as follows: 


(24) 


bee. : sN(s) 
ee G(s) seal Dis)— NG) (25) 


From the form of equation 1, it is readily 
shown that the velocity error constant is 
given by the reciprocal of the coefficient of s 
in [D(s) — N(s)], and 
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k= ? g u 
2 
) Rt) e_S 41ers 
7=1 
v 


t=1 i=1 


Similarly, for a system with two net 
integrations in the open loop transfer func- 
tion, (a zero velocity error system, K,= ©) 
the acceleration error constant Kz, defined 
in equation 27 below, is given by the recip- 
rocal of the coefficient of s? in [D(s) — N(s)] 


s?N(s) 
SEN SUIT IER) G5 eo 27 
eae EC radar cone gee 
and 
1 
Ka= g Pp 
1 2g; 
aia Ri J+ 
ee Bi DE : 
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; Ri ; iRsy | — 
t>1 fai 
0 0 
1 2ai 
sa OX 
Yi KA 
f=1 t=) 
Uu u u 
Xi ai Xi ) Xt4y4 
t= t=1 i= 


(28) 


In order that the result of the limit process 
defined in equation 27 be >0, 


D g 
2% 
ka— ©, or Rit a= 
Bi 
i=l i=1 
u ov 


This procedure can be extended to include 
systems with zero steady state error under 
constant acceleration, constant rate of 
change of acceleration inputs and so on. 
For this purpose, it is convenient to rewrite 
equation 24 in the following form: 


N(s) 


KG== 
3 Kys4 
j=l 


(30) 


K; is the reciprocal of the coefficient of s4 
in [D(s) — N(s)] and is the constant relating 
the steady state error to inputs of the follow- 
ing form: 


=1, 2,35 ...% (31) 


i=l Ap 
mn 


In addition, the K; are intimately related 


to the error coefficients discussed in refer- 
ence 6. 

If equation 3 is used to define the system 
transfer function, the previously developed 
error constants are considerably simplified 
and can be obtained from those previously 
developed by letting g=1land y;= © and by 
defining {=¢, and B=. 

For example, under the above conditions, 
equation 26 becomes 


y 1 
Ki=— : 
» > ; 2¢ (32) 
Ri- 0S a a 
B 
es | t=1 
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Discussion 


David V. Stallard (Westinghouse Electric 
Corporation, Pittsburgh, Pa.): Mr. Aaron’s 
paper is commendable for its lucidity and 
direct method of determining a closed-loop 
transfer function which meets the initial 
specifications of velocity constant, transient 
overshoot, bandwidth and My.! However, 
a certain alternative method of finding the 
transfer function K,G, for the ‘control 
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elements,” after the r/c has been deter- 
mined, may be more easily utilized than that 
of the paper. 

It is quite possible that for many problems 
the transfer function will result in a D(s)— 
N(s) of order higher than five, that of the 
example cited. Extraction of the roots of 
higher order polynomials may take several 
hours; initially the negligible roots are not 
apparent. Furthermore, the function 
KmGm for the ‘‘final control elements and 
controlled system’”’ is often somewhat un- 
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certain, especially for 2-phase servomotors 
and hydraulic systems with entrained air. 
For these and other reasons, it may be de- 
sirable to reduce the mathematical labor 
prior to designing and building the system. 

An alternative method of synthesizing 
K-G- from r/c is proposed, in which the 
r/c= N(jw)/D(jw) at various frequencies w 
may be sketched as a curve on a standard 
chart? having co-ordinates |KG\q, and 
/ KG, and loci of |r/cla, and /r/c. From 


this chart a graph of the open-loop N(jw)/- 
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D(jw)— N(jo) =| KG\ay=|KeGe Ke KmGmlan 
versus log frequency is readily prepared and 
correspondingly a graph of | K.G< |a, by 
subtracting |K.KmGmlay. In most cases 
this latter sketch can be approximated by 
Straight-line asymptotes whose slopes are 
multiples of +6. db/octave. Each intersec- 
tion of asymptotes determines a “break 
frequency” w, and consequently a factor of 
KeGe, for example, (1+s/wy). Suitable 
approximations at low and high frequencies 
are then possible, and “recognition of 
simple forms” permits the selection of proper 
networks. 

After the servomechanism is first built in 
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theoretical accordance with this specified 
KG, its velocity constant and closed-loop 
frequency response may be tested. If un- 
satisfactory, the actual r/c can be sketched 
on the KG chart mentioned above and ac- 
tual | KGlap versus log frequency may thus 
be determined. Comparison of the actual 
| KGlay with the specified | KGlap graph will 
probably suggest helpful alterations in the 
gain and/or “break frequencies” of the 
system. 
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M. R. Aaron: The graphical procedure de- 
scribed by Mr. Stallard for determining the 
required main loop compensating networks 
after the desired performance has been speci- 
fied in terms of r/c is a worthwhile addition 
to the paper. This alternate method, 
though somewhat modified in minor detail, 
was the first investigated by the present 
author for determining K,G,;. Lack of 
space prevented the inclusion of the above 
technique, as well as other details, in the 
main body of the paper. 
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Stability of Warying-Element 


Servomechanisms with Polynomial 


Coefficients 


M. J. KIRBY 


MEMBER AIEE 


IME-varying elements in servomecha- 

nisms are found in practice, for 
example, in systems which must operate 
during their warm-up periods, when the 
gain or the damping, or both, are chang- 
ing materially. More frequently encoun- 
tered, however, are cases in which a sys- 
tem element varies with velocity or some 
other dependent variable, but the pro- 
gram of the process is known so that the 
variation can be adequately represented 
as a function of time. An example is a 
speed control for a reel on which strip 
steel is being rolled or unrolled. The 
inertia changes with the amount of steel 
on the reel, but if either the shaft speed of 
the reel or the linear speed of the strip is 
known, the inertia can be expressed as a 
function of time. 

When a servomechanism must be an- 
alyzed as a varying-element system, it is 
always desirable to represent all varia- 
tions by straight lines if possible. How- 
ever, the rates of variation of some ele- 
ments may change radically, or the 
product of the values of two elements may 
introduce higher powers of time into the 
coefficients of the system equation. 

This paper presents a criterion for de- 
termining the eventual stability of a 
servomechanism in such a case, when its 
elements vary as higher powers of time so 
that the differential equation relating 
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R. M. GIULIANELLI 


NONMEMBER AIEE 


output 0, to input 6,, and time, ¢t, is of the 
form: 


n nl 


eye aes 16 
tn di” Sn—1¢ dt” gies +fo( 0 
= F(t) (1) 
where 
Silt) = (ag byt-+ojt? +... + Kyt®) 


The right side, F(t) involves 6), pos- 
sibly its derivatives and products of these 
by t. 

A previous paper! showed that when the 
coefficients in equation 1 contain only 
(a+-bt) terms, the stability can be deter- 
mined by forming a polynomial from the 
“b” terms, and finding its roots. The 
present criterion extends this, and shows 
that when the coefficients in equation 1 
contain higher powers of ¢, stability is de- 
termined by the roots of a polynomial 
made up of the coefficients of the highest 
power. 

As an illustration of how an equation 
of the form of equation 1 is obtained, con- 
sider an elementary system in which an 
error actuated amplifier and motor drive 
a load consisting of an inertia and viscous 
damping; assume the elements have been 
found to vary thus: 


inertia = [y+ J,t++Jot? 
damping = D)+D,t+D.t? 
gain = Gy)+Git 


The differential equation relating out- 
put to input combines two equations stat- 
ing that motor torque is the product of 
error times gain, and is balanced by a load 
torque which is the sum of a viscous 
damping torque plus the time rate of 
change of angular momentum ; 
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fall) 


d*6, 
(ot hit+ht) s+ (Doth t+Dit+ 


a 
i 
2Tot-+ Dot?) + Bo + (Go+Git) 
ad 
=(Go+Git)a (2) 


For this system the a, b, and ¢ coeffi- 
cients of equation 1 would be: 


ag= To b=, G=Ts 
q=Doth bh =D, +2I =D» 
ado= Go bo= G, o= 0 


Equations for practical systems having 
more elements will contain a great many 
additional terms involving the rates of 
change of the elements, 

The definition of stability used through- 
out this paper is based on the fact that 
equation | is linear, and its solution, 4, 
can be separated into a transient response 
or complimentary function, and a par- 
ticular integral or steady state response. 
The transient is the solution to equation 
3, which is equation 1 with the input, 6;, 
equal to zero: 

n n~1 


Oo t+Fn- iC) pamieo =e sae +-fo(t)0o =0 
(3) 


at” 


In accordance with Nyquist’s widely 
accepted definition,® a servomechanism is 
defined as being stable if, when excited 
by any input or initial energy storage, the 
transient part of the output dies out com- 
pletely as time approaches infinity. If 
any part of the transient persists or 
builds up indefinitely as time becomes in- 
finite, the system is unstable. 

A restriction on the method is that the 
highest power of ¢ appearing in the co- 
efficient of the highest derivative term, 
d” /dt"@, in equation 8, must be equal to or 
greater than the highest power of / ap- 
pearing in the other derivative terms. 


The Stability Criterion 


It can be shown’ that the transient re- 
sponse of a servomechanism described by 
equation 1 approaches a sum of terms of 
exponential form 


jan t 
te (4) 
+>), A 7 yarhy 
je, 
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Nomenclature 


ty, ty, 4, Ay =eonstant part of coefficients 
in equation | 


by, Wy, Ly. dn =cocficients of bin equation | 


bi, Oh. 4, n= coeticients of 7 in equation J 
aud $0 ON 
j= V 1; also used as a subseript denoting 


a general or typieal value 
hk, K=when used as a coefficient or an ex- 
pouent, is associated with the highest 
power of fin the coefficients of equa- 
tion | 
n=order of equation J 
j=arbitrary complex variable 
f= tine 
ap toa, The A's are constants depend- 
ing upon initial eonditions and system 
inputs; the A's depend on the servo sys- 
fem parameters, and the y's are the zeros 
of the polynomial P(s) formed from the 
coefficients of the highest power of ¢ in 
equation |, thus; 


Pla) eK st Kyat” ot +s ot Ko (5) 


The sis an arbitrary complex variable, 
This asymptotic foun of 0, is the basis 
tas F : on wh « 
of the stability eriterion, The e” in each 


1 ful 
ai" where a 


lerm can be written as ¢ 
and w ave the real and imaginary parts, 
respectively of y, If a@ is not zero, the 
e” eventually overpowers all the other 
elements in each term, If an @ is nega 
live, that term in the transient response 
approaches zero a6 t=? ©, regardless of A 
orn, 
infinite if A is not zero, The process of 
determining stability is therefore reduced 
to finding the y's whieh are the roots of 
P(s), 


‘The specific steps are ; 


If an wis positive, the term becomes 


1, Ixpress the time varying elements as 
polynomial funetions of time, and write the 
differential equation relating output 0, to 
input O; and tine /in the form of equation 1, 


a} 


Norm the polynomial ’(s) as in equa 
tion pb, 


4, Vind the signs of real parte (a's) of the 
roots of (xs) by any eonvenient method 
If all the a's have negative signs, the system 
in stable, If any « has a positive sign the 
system is unstable, If one or more a's 
ave zero, & speclal case arises which now is 
diseased, 


Practical Considerations 


A number of methods are available for 
finding the roots of P(s), In the simpler 
cases, inspection and the use of rules 
haved on the signe of the terms in P(g), the 
presence of all terma or the absence of 
some, will suffice, Tables are available 
for finding the roots of eubie and quartic 
polynomials, In more complicated eases 
the Routh-lHurwitz eriterion can be used 
to advantage, or a polar plot similar to a 
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A =coefficient in equation 4 

D =damping of servomechanism, equation 2 

G= gai of servomechanism, equation 2 

[=inertia of servomotor and load, equa- 
tion 2 

P(s) = polynomial function of (s), equation 5 

v(s)=function of s in contour integral, 
equation 13 

a=real part of 7 

y=root of P(s) 

h=exponent of / in equation 4 

6,=input to servomechanism 

0, =output of servomechanism 

w =imaginary part of 

(5) =analytie function of 5, equation 17 


Nyquist plot may be employed, ‘The 
method used will depend upon the in- 
dividual and the problem at hand, Which- 
ever method is used, the process is essen- 
tially that of finding the signs of the real 
parts of the roots of the characteristic 
equation of a system, 

The steps of the preceding section do 
not cover the case in which P(s) has one or 
more roots with zero real parts. The 
polar plot of P(s) indicates this condition 
by passing through the origin for a finite, 
imaginary value of s. If the jth root of 
P(s) has a zero real part the jth term in 
the eventual form of the transient, 


rity 
Ay pO) 
will be an oscillation which builds up or 
decays as 1/1", since 7" is simply a 
sine wave, equal to &”/' when 7, is a pure 
imaginary, If any other root of P(s) has 
a positive real part, the servomechanism 
is unstable, If one or more roots of P(s) 
have zero real parts and all other roots 
have negative real parts, stability is de- 
termined by the 1//* portions of these 
roots, When the coefficients of equation 
! are of the form (a-+-bl), a straightfor- 
ward procedure? is available for evaluat- 
ing the \'s, When higher powers of ¢ are 
present, however, the \’s are so much 
more difficult to determine that this is not 
worthwhile, In a practical situation the 
build-up or decay of 1/2" is much 
slower than that of an exponential term; 
this is more significant than the eventual 
stability or instability, If the system or 
process is to operate only a short time, 
such a transient might be tolerated 
whether stable or unstable, If the process 
continues fora long period this type of 
transient usually cannot be allowed to 
persist, 

Rather than spend time trying to de- 
termine the eventual stability by evaluat- 
ing \ therefore, it is better to recognize 
that such a situation exists and to rem- 
edy it by adding damping or by other 
physical changes. 
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Examples a 

Plots of P(s) and time responses are 
given for two second order systems, one 
stable and one unstable. The time re- 
sponses were obtained by means of an 
electronic analogue computer; the num- 
ber of computing elements available 
limited the order of the equations and de- 
termined the form of the input. The 
stability could be determined in each case 
simply by solving the quadratic equation, 
P(s)=0, but polar plots are included to 
show the characteristic shapes for stable 
and unstable cases. 


EXAMPLE 1 


The system equation is: 


i+) 6 (2-441 ee 
de” dt 
(1+t+#*)0=(1+t+#)% (6) 
From this, P(s) is 
P(s)=s?+s+1 (7) 


Figure 1, the plot of P(s), indicates that 
the system is stable; this is verified by the 
response to an input 
ers) 
+E e 


which is shown in Figure 2. 


4 (8) 


EXAMPLE 2 


The system equation is: 
d? 
(1-+-+—0,2#-++7*) pile F (0.24 OM eas) 


Eto (L4I+O.1P-+P My 
=(14++0.12+23)6; (9) 


P(s) is made up of the coefficients of the 
8 terms 


P(s)=s?—4s+1 (10) 


The plot, Figure 1, indicates instability. 
The response, Figure 8, to the input 
iss 1 
~ (1+ t4-0.102-+48) 


shows this. 


0; (11) 


Conclusions 


The criterion may appear to be of some- 
what limited use because it predicts 
eventual stability or instability, that is, 
the build-up or decay of the final phase 
of the transient, while many servomecha- 
nisms with varying elements operate 
only for finite periods of time. Further- 
more, the criterion tells little about the 
size of the early part of the transient re- 
sponse, 
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‘In practice, however, a transient does 
not necessarily require a long time to 
reach its ‘eventual’ or final phase. As 
soon as sufficient time has elapsed for the 
highest power (¢*) terms in the coefficients 
of equation 1 to overpower the other 
terms, the final phase is reached. Many 
closed-loop systems operate long enough 
for their transients to progress well into 
this p , even though the systems 
operate on programs of finite duration. 
The two examples in an earlier section 
illustrate this. In the remaining cases in 
which the program stops short of the final 
phase of the transient response, the even- 
tual stability or instability is still im- 
portant. For example, a designer would 
provide extra safety devices to stop a 
process if it were known that the system 
would enter a destructive oscillation if the 
process were to continue beyond its 
normal time. 

The criterion states that the eventual 
stability depends upon the eventual rates 
of variation of the system elements as in- 
dicated by the coefficients of the highest 
power of time (f*) in the polynomial co- 
efficients. When k=1 the criterion be- 
comes identical to that given previously! 
for systems described by equations whose 
coefficients vary as (¢+bt). When k=0, 
P(s) reduces to the characteristic equation 
for a constant coefficient system, which is 
the basis for the common stability criteria 
for such systems. 

The significance of the ¢* terms suggests 
that stability might be determined 
directly by dividing each term in equation 
1 by #, then letting ¢ approach infinity. 
This procedure does not save any labor, 
since it arrives at the same polynomial, 
P(s), which is written down immediately 
when the present criterion is used. Fur- 
thermore, this amounts to saying that the 
differential equation 1 approaches a con- 
stant coefficient equation as ¢ approaches 
infinity, therefore, its solution approaches 
a sum of exponential functions. There is 
a tendency to extend this type of intuitive 
analysis to predict properties other than 
absolute stability, and even numerical 
values of the response. When such pro- 
cedures cannot be rigorously justified, 
they may involve considerable errors. 

However, since P(s) has some of the 
properties of a characteristic equation, 
related to the final phase of the transient, 
it yields useful information as to whether 
the system response is satisfactory, and if 
not what can be done to remedy it. This 
will become apparent as the criterion is 
applied to specific servosystems; only 
two examples will be given here. 

_ Consider a servomechanism for which 
all the coefficients in equation 1 vary as 
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EXAMPLE | 


Figure 1. 


#? except one, which varies as (a+5t) 
only. The P(s) for this system will have 
a missing power of s, indicating a root on 
the imaginary axis, and the eventual re- 
sponse will decay or build-up slowly as a 
1/" term. This may be an undesirable 
condition; it can be remedied ideally only 
by changing the system so that the 
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Plots of P(s) for Examples 1 and 2 


(a+b?) coefficient varies as #. If this is 
impossible, the eventual response may 
sometimes be postponed or attenuated by 
increasing the constant (a) or first order 
variation (bf) term of this coefficient. 
Likewise, consider a system for which 
all the coefficients in equation 1 vary as 
the same power of /, say #8, but one of the 
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4 


TIME IN SECONDS 


Figure 2. Response of system of Example 1 to input of form 0, =1/- 


(1 +4-t-+-t”) 


terms in P(s) i9 opposite in sign to all 
The system will eventually be 
made absolutely 


others. 
unstable and ean be 
stable only by making all the signs in 
P(s) the same, (This is necessary, but 
may not be sufficient if P(s) is higher than 
the second order.) Wowever, the in- 
stability may be postponed by increasing 
the coefficients of the lower powers of ¢ 
in equation 1 go that a longer period of 
time must elapse before the / terms pre- 
dominate and the transient enters its 
final phage, For example, if the system is 
second order and the damping varies, as 
ete? 1) while the / coefficients in the 
inertia and gain terms are positive, the 

t* will overpower the positive terms in 
the damping before, say lew %, However, 
if the damping term is changed to lle. 
Aft, the «f* term will not predomi 
nate until later, say, be, 

When the polynomial coefficients in the 
time equation must be determined from 
experimental or other numerical data, the 
 aivuist 
Methods of representing em 
pirical data by polynomials are given by 
Sokolnikoff4 
others, 


coefficients of he obtained ac 


curately, 


and Searborough,® among 


Appendix 


The solution of many differential equa 
lions relating an unknown sueh as 0, to 
lime can be materially aided by introducing 
a new complex variable (here called ») and 
expressing 0p as an integral: S.f(s,t)ds of a 
funetion of s around a contour ¢ in the »s 
plane, ‘Time, /, enters the integral only asa 
parameter, 

The object in the present case is to show 
first (hat when the solution 0) is assumed to 
be JS) e"u(s)ds, the funetion o(y) and the con 
four, ¢, can be found so that equation 8 is 
satisfied, and, second, that this solution 
approvches an exponential form as be® ee, 

As an example consider the time differ 
ential equation: 


», a 10, 
(dart bal-bcat") 7 Oot (arch bit at) | 


(aot Dott: Cat” 0p = (aobot-l> eut® Oy (12) 


The first step is to substitute the assumed 
transient solution 


Oy = So e'v( s)ds (13) 
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Figure 3, 


into this equation; the result is 


f(a } Dal +> Cal”) 5? 
+ (dye dyt-bet*)s > e(s)ds=0 (14) 
ol (dot bolt col?) f 

Differentiation under the integral sign is 
assumed permissible and each term of 
equation 9 ig next integrated by parts giv- 
ing: 


& t+ Cyls* — Cols te bys els —tr + 


bypcgt)e'u(s) = (C8? 
dy(, 
ds \¢ 
(8? — Qhys + Wea a8 — byt 
* Vay eM0(s) (= bys deas — 
yy Ws) 
ds 
ny UUs) 


ds? 


by st Qe, — by de ds =O 


(€48% + 6,8 C0 )e 
(15) 


Two groups of terms, as in equation 15, 
result regardless of the highest power of ¢ or 
of the order of the time differential equation 
corresponding to equation 12, The first 
group is the expression in brackets, to be 
evaluated around the contour ¢; produets 
of powers of 4 and of s with v(s) and e 
entering this expression, The second group, 
under the integral sign, contains e' multi- 
plied by « differential equation for v(s) with 
coefficients which are powers of s, t does not 
enter the differential equation, 

The order of this differential equation for 
v(5) is always equal to the highest power of ¢ 
in the coefficients of equation 12, and the 
coefficient of the highest derivative of v(s) is 
the polynomial /’(s) formed from the co- 
efficients of the highest powers of ¢ in equa 
tion 12, The highest power of s in P(s) is 
always 8”, where » is the order of equation 


12, Hor the present example, equation 12 


PS) = cys" beset Co (16) 

In any case, when the contour ¢ in the s- 
plane is chosen so that the quantity in the 
brackets is identically zero when’ evaluated 
around ¢, and when in addition v() satisfies 
the differential equation under the integral 
sign, then equation 15 is satisfied by the 
assumed form of 05, 

A satisfactory contour begins at = ona 
line parallel to the real axis and passing 
through one of the y's which are the roots of 
P(s); the contour follows this line until it 
nears the y, encireles it, and returns along 
the line to =, igure 4. A group of » 
such contours can be found, one for each of 
the m roots of P(s), 

In order to determine stability, it is not 
necessary to determine v(s) completely; 
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Response of system of Example 2 to input of form 0,=1/- 


(1 +¢-+-0.1t? +-t#) 


ve 


this would require the solution of the differ- 
ential equation under the integral sign. A 
knowledge of some of the properties of v(s) — 
is sufficient to determine the form of 0 as 
to, 

The y’s are the singular points of the 
differential equation for v(s). In the neigh- 
borhood of each y in the s-plane, say yx, 
there is one nonanalytic solution 
us) =(s yx) ox(s) (17) 
where #(s) is analytic. Each of these solu- 
tions can be put in equation 13 for 0) and 
integrated around the contour which en- 
circles the appropriate y; this gives 1 solu- 
tions to equation 12. Each such integral 
can be divided into three parts, two along 
the line parallel to the real axis and the third 
encircling y. By expanding $(s) in a power 
series and by further steps it can be shown 
that as t+, the first two integrals ap- 
proach zero and the third aproaches;: 


AxerK! 
pK +1) 


The intermediate steps omitted in this 
summary are discussed by E. T, Ince.# 
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Figure 4, Contour in S plane encircling y's 
used for determining v(s) 
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Discussion 


W. G. Heffron (General Electric Company, 
Schenectady, N. Y.): The practical results 
of Messrs. Kirby and Giulianelli’s method 
can be reached by another method, quite 
similar in actual theory, but a bit more easily 
visualized. By substituting particular 
values of time in the coefficients and then 
subjecting the numerical results to the 
Routh-Hurwitz test, the stability of the 
system can be predicted, with the same 
results for large values of time as their 
method gives. In addition, this method will 
indicate at what time the system will change 
from stable to unstable, if such a change does 
occur. For the simple Example 1 of the 
paper it can easily be seen that the system 
is stable at times greater than 1 second and 
is unstable from time equal zero until 1 
second. In the second example, this method 
indicates stability from zero time up to 
0.59 second, and instability thereafter. It 
would seem that knowledge of the periods 
of instability also is essential to the de- 
signer, in addition to the ever-important 
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knowledge of stability at large values of 
time. 

The method employed here is called by 
some “‘use of the theory of small oscilla- 
tions”’ and by others “‘use of incrementalized 
or linearized equations.”” The problem dis- 
cussed here is, technically, not a nonlinear 
one, but many types of nonlinear problems 
may be studied profitably in this manner. 
Of course, there are some problems where the 
nonlinearities are too complicated to make 
the results of a linearized study profitable: 
such cases are studied with an analogue 
computer! which we have available. 

As the authors point out, engineering 
judgment must be used carefully to deter- 
mine whether the results of a linearized 
study may be extended to predict the tran- 
sient performance of the system. Never- 
theless, in many instances, linearization of 
the equations has the important advantage 
of showing more clearly the functional rela- 
tionships that control the system's per- 
formance, pointing out the variations in 
inherent gain and time constants during the 
operating cycle, and thus, delineating the 
requirements for a control. We feel that 
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this somewhat round about method results 
in a superior understanding of the problem 
and thus in a better control system, 
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can be expected from the results of a linear- 
ized analysis in a particular case. The 
criterian in the present paper was developed 
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part of it. Absolute stability is perhaps the 
most important single property of a system, 
The present derivation provides a rigorous 
basis for approximating the latter part of 
the transient response, 
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ASSOCIATE AIEE 


YNTHESIS of a_ servomechanism, 

like most other complex engineering 
synthesis, consists of a series of trial 
solutions based upon experience or crea- 
tive insight which are then analyzed either 
for verification or to suggest a new and 
better trial solution. The reason for this 
is simply that the tools for analysis are 
more readily available than the tools for a 
straight-forward synthesis. This pro- 
cedure is deadening to creativeness and 
retards the conception of original solu- 
tions if the analysis step between trials is 
too cumbersome or so complex that the 
essential factors are masked. 

Any procedure intended to aid in syn- 
thesis should therefore reduce the labor 
of each trial analysis and at the same time 
present the results in a form which points 
the way toward a new, improved trial. 
The method described in this paper for 
obtaining the transient response of a 
servomechanism arose from the desire to 
be able to see, with almost no calculation, 
the characteristics of the transient re- 
sponse which correspond to certain 
characteristics of the frequency response. 
The method saves labor by eliminating 
the need for finding the roots of a poly- 
nomial of high order usually required in 
finding a transient response. It can be 
used to find the approximate response of 
any linear servosystem to almost any in- 


Paper 51-269, recommended by the AIEE Feedback 
Control Systems Committee and approved by the 
AIEE Technical Program Committee for presenta- 
tion at the AIEE Summer General Meeting, 
Toronto, Ont., Canada, June 25-29, 1951. Manu- 
script submitted November 8, 1950; made avail- 
able for printing May 23, 1951. 


H. Harris, Jr., M. J. Kirsy, and E. F. von Arx 


are with the Sperry Gyroscope Company, Great 
Neck, N. Y. 


The authors wish to acknowledge the assistance of 
Mrs, Ellen J. Adler who set up and executed much 
of the electronic analogue computer work. 


1452 


M. J. KIRBY 


MEMBER AIEE 


E. F. VON ARX 


NONMEMBER AIEE 


put; the resulting formulas emphasize 
those elements of the frequency response 
which contribute most to the transient, 
and suppress complicating nonessentials. 
However, the original goal was not en- 
tirely achieved, and since it may still be 
achievable, it seems worthwhile to dis- 
cuss it briefly. 

Most previous papers on servomecha- 
nisms place greatest emphasis on means 
for obtaining a stable and nonoscillatory 
closed loop response. It is assumed here 
that this portion of the design has al- 
ready been carried out. A specification of 
servo performance is essentially a state- 
ment of limits placed on the error-versus- 
time curve as the system responds to a 
particular input. Present-day specifica- 
tions frequently go well beyond the re- 
quirement that system simply be stable, 
and place limits on the peak error, time 
allowed to decay, et cetera. The present 
method is intended for use in adjusting 
the designs of systems which have al- 
ready been stabilized, in order to meet 
these further requirements. In par- 
ticular, it is assumed that the slope of the 
open loop decibel-log frequency plot is 
near —6 decibels per octave for a suffi- 
ciently large region on each side of the 
crossover (or zero decibel gain) frequency. 
The open loop transfer function is as- 
sumed to be a fraction, the numerator and 
denominator of which are products of 
linear or quadratic factors in “4S”; the 
transfer function is assumed to have a low- 
pass characteristic roughly similar to 
those shown in the figures of the paper. 
(S is used here for the variable frequently 
denoted by ‘‘p’’.) 

Conventional methods of studying the 
details of the shape of the transient re- 
sponse offer two widely divergent choices. 
If the inputs which the servomechanism 
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is to follow contain velocities and ac- 
celerations which change very little within 
the transient time, then the error may be 
calculated? by applying steady-state 
velocity and acceleration constants, point 
by point, to the input function. This 
leaves the designer with some doubts as 
to a proper criterion to determine whether 
the velocity or acceleration has changed 
too much to allow the application of the 
steady-state constants. The usual alter- 
native is a rigorous solution for the 
transient error as a function of time. This 
is a lengthy procedure which usually re- 
quires the solution of an equation of high 
order. The analysis to be outlined in this 
paper fills the gap. 

The method makes use of the fact that 
the transfer function relating error to in- 
put in any closed loop system approaches 
unity at frequencies above the crossover 
frequency w,, and approaches the open 
loop transfer function at frequencies be- 
low w,. When a system has been suitably 
stabilized, the design problem reduces to a 
determination of w, and the shape of the 
open loop transfer function below a,. 
The shape of the frequency response 
above the crossover frequency affects the 
transient response of a well-stabilized 
servo only slightly. 


Statement of the Method 


The object is to find an approximate ex- 
pression for €/6,;(S) from which e(é) can be 
computed by ordinary LaPlace Transform 
methods without becoming involved in 
finding the roots of higher order equations 
and without losing sight of the physical 
significance of the terms involved. 

The exact expressions for €/0;(S) and its 
reciprocal 6;/e(S) give the key to the ap- 
proximation that will fulfill the necessary 
conditions. 


ane a 1 @) 


Since 0,/e(S) has a low pass characteristic, 
6,/¢€ is much larger than unity at frequen- 
cies well below the unity gain crossover, 
W,, and * 

a 8, 

meses 3 wXwe (2) 


€ € 


AIEE TRANSACTIONS 


----- EXACT €, (CALCULATED) 

——- APPROXIMATE e, 
ADJUSTED APPROXIMATE ¢, 
(R x APPROXIMATE ¢, ) 


DECIBELS 


w (RADIANS PER SECOND) 


Figure 1. 


while at frequencies considerably above 
@,, 6,/€is small and 


=1; ww, (3) 


For frequencies away from w,, the ap- 
proximation to 6,/e is thus obtained 
directly in terms of readily available 
data; only the portion of the approxima- 
tion near w, remains to be constructed. 

If the servo is reasonably stable, as 
assumed, a first approximation to 6;/e is 
obtained by simply extending the high- 
and low-frequency approximations until 
they meet at w,. The resulting function 
is in essential agreement with the exact 
6,/e(S) except in the neighborhood of w,, 
and it has the desirable property of being 
in the form of a product of factors. 

In the neighborhood of w,, the actual 
6,/e lies below the approximate 6;/e (as 
shown by dotted curve in Figure 1); the 
discrepancy may amount to 6 decibels, 
and is usually reasonably constant be- 
tween ws. and w 3 which are the low- and 
high-frequency ends respectively, of the 
—6 decibels per octave region in 6,/e. 


fe) o2 0.4 


10 100 


VELOCITY ERROR,«, (RADIANS PER RADIAN PER SECOND INPUT) 


Decibel-log frequency plot for example in text 


An obvious adjusting procedure is to 
multiply the approximate 0,/e by the ab- 
solute value of the ratio of the true 6;/e 
to the approximate, evaluated at a,. 
However, this would result in errors at the 
beginning and at the end of the time re- 
sponse. The method of finding e(t) used 
throughout this paper is to form the first 
approximation, and use the adjustment 
just described in the neighborhood of w, 
only. 

The step-by-step procedure for finding 
the error of a servomechanism as a func- 
tion of time is: 

1. Form the approximate 6;/e by in- 
cluding all the (1+.S/w,) factors in both 
numerator and denominator of 6,/e* 
wherein w, is less than w,. Eliminate all 
the other (1+.S/w,) factors and replace 
them by (1+5S/w,) in the numerator. 
This is the “approximate 0,/e’ of Fig- 
ure 1. 

2. The approximate ¢/@, is the re- 
ciprocal of the approximate 6;/e of step 1. 


*§9/e can be written as a product of factors by in- 
spection of the open loop transfer function by well 
known techniques.?3 


Figure 2. Error versus time for unit step of displacement input for system 


of Figure 1 
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Figure 3. Error versus time for unit step of velocity input for system 


of Figure 1 


Multiply the approximate €/@; by the La- 
Place transform of any input 0; which is 
pertinent, and find the inverse transform 
e(t) by conventional LaPlace transform 
methods.*® 

3. Evaluate e(¢) for the range of time 
that is of interest. 

4. Determine the adjusting ratio 
6; ; 
= approximate 


Re |= - evaluated at we (4) 
~ exact 
€ 


5. Multiply ¢«(t) by R for 1/a3<¢ 
<1/as. 
6. Connect the resulting curves 


smoothly in the regions near t=1/ws 
and t=1/u». 

As an illustration, 
error-versus-time response to step dis- 
placement and step velocity inputs will be 
found for a system whose open loop trans- 
fer function consists of four regions having 
slopes of —6, —12, —6 and —12 decibels 
per octave, respectively, separated by 
break frequencies wy, we, w; in that order. 
(A more complicated example is worked 


the approximate 


Figure 4. Decibel-log-frequency plot for example in Appendix 
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w (RADIANS PER SECOND) 


Nomenclature 


& =servo input 

€=servo error 

8) =servo output 

w=frequency in radians per second 

a, @...@¢=break frequencies in open loop 
transfer function 

@e=unity gain crossover frequency 


out in the Appendix.) The crossover 
frequency will be denoted by @,. 
The asymptotic plot of @,,/e is shown in 


Figure 1; the transfer function is: 


3 
Pu : : (5 ) 
€ S S 
(+5 \( +5) 
a) Ws 

where 

— WIWWe bas 
ky =— (6) 


&® 


To form the approximate @,/e the 
(1+S/ws) factor is removed from the de- 
nominator of equation 5 and (1+ S/w,) is 
inserted in the numerator: 

Approximate 


(7) 


The LaPlace transform of the first 
approximation to the error response to a 
step of input displacement is: 

1 S(S+e:) 
ONG eS 
S (S+ex)(S+ er) @) 

Formula 1.107 from Gardner and 
Barnes‘ gives the error as a function of 
time: 


—1 (S-Fe,) 
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Figure 5. Error versus time for unit step of displacement input for 


system of Figure 4 


t=time in seconds 

S=complex variable of integration 
R=adjusting ratio 

Ky =velocity error constant 

éeg= displacement error 

ey =velocity error 


j=V/-1 


The first approximation to the error re- 
sulting from a step of input velocity is 
found similarly by multiplying €/@; by the 
transform of a velocity step, 1/S*. For- 
mula 1,109 is used to find (8: 


2-1 S+ar 
Oh irre arcrees (11) 
» S(S+ay)(S+ a) 
w w —o) 
= Se eT ot 
GQW> Wy (Wy —™ We ) 
(one tel god) ia) 


Wel We ey) 

The exact @;/e is found by taking 
(1+6,/e); the adjusting ratio Ris: 
S(S+a1)(S+es) am 
RS S+oar YS+ ws) +eeeos( S+e2) 


ree lat S=je 
(13) 


The approximate formulas for the €, 
and ¢; are equations 10 and 12 respec- 
tively, with the adjusting ratio, R, ap- 
plied between the limits 1/as<t< 1/ay. 

For example, consider a system in 
which w/w; = 10, ws/ws= 16, and w,/ws=4, 


and take w,.=1 for convenience. For 
these values, equation 10 gives 

ea=1.8e “—0.3e ' (14) 
and equation 12 gives 

ey = 0.025—0.325e “+0.375 (15) 


and Ris 1.42. 
Figure 2 is a comparison, for step dis- 


INPUT) 
° 
ro 
Qo 


° 
ft 
b 


placement input, of error-versus-time 
curves obtained from the first approxima- 
tion equation 10; the adjusted approxima- 
tion obtained by the use of R; and froma 
completely rigorous solution of the system 
equations. Figure 8 is a similar com- 
parison for a step velocity input, 


Applications to Common Types of 
Servomechanisms 


One of the first applications which has 
been made of the method is a study of 
servos whose asymptotic open loop dec- 
ibel-log frequency characteristics consist 
of four regions. The results are presented 
here in condensed form, because they 
illustrate the use of the method, and 
serve as a basis for some of the statements 
in a subsequent section, and also because 
4-region servosystems are encountered so 
frequently in practice that the inclusion of 
data concerning them is justified. 

The class of servos whose open loop 
transfer characteristics consist of four re- 
gions includes a wide variety of systems 
differing in design objective, in the type 
of compensating network used, the kind 
of energy which is controlled, and in the 
physical form of the system elements. 
For example, an uncompensated servo- 
motor and load will often have a decibel- 
log frequency characteristic similar to 
Figure 7. At very low frequencies the 
slope is —6 decibel per octave because of 
the integrating action of the motor. There 
isa “break” at a relatively low frequency 
due to the mechanical time constant 
(inertia /effective damping) of the motor 
and load, followed by a sequence of higher 
frequency breaks or reductions in slope 
due to lags in filters, motor field time con- 
stants, and mechanical resonance. The 
result of compensating such a system with 
a lead network, the effect of an integral 


Figure 6. Error versus time for unit step of velocity input for system 


of Figure 4 
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Figure 7. Open-loop transfer function of uncompensated system and 
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Figure 9. Velocity error versus time showing the effect of changing 


system compensated by various well-known schemes 


binations of slopes among the four regions 
are included. Formulas are included for 
systems having 0 decibel per octave below 
w, (displacement lag systems, or regu- 
lators), and for velocity lag systems hav- 
ing —6 decibels per octave, and accelera- 
tion-lag systems with slopes of —12 dec- 
ibels per octave. In the region above ws, 
slopes of —6, —12, and —18 decibels per 
octave are included; steeper slopes are 
encountered in practice but at higher 
frequencies where 0,/e is small and €/6; 
is not greatly affected. All formulas in 
Table I were obtained in the same manner 
as the example in the preceding section. 

Figures 8 through 13 are error-versus- 
time curves for velocity-lag systems, plot- 
ted from the formulas of Table I. These 
show the shapes of the responses of rep- 
resentative velocity lag systems, and 
show the effect of varying those quantities 
which are under the control of the de- 
signer, namely: 


1. The relative lengths of the segments, 
indicated by the ratios of the break fre- 
quencies we/w; and w3/w». 


Figure 8. Displacement error versus time showing the effect of changing 
the ratio w/c; (calculated data) 


3° 


° 
@ 


2. The location of the gain crossover fre- 
quency w:, indicated by the ratio w¢/we. 


3. The slopes of the region between w; and 
ws, and the region above w;. (For a veloc- 
ity-lag system the slope must be —6 deci- 
bels per octave in the region below «, and is 
—6 decibels per octave between w: and 3.) 


In order to show the characteristics of a 
larger number of systems, Figures 14 
through 17 are curves of peak overshoot 
in response to step displacement input and 
peak error in response to velocity input, 
as a function of location of the gain cross- 
over @,/w.2. The same quantities are al- 
lowed to vary as in Figures 8 to 18, but 
the range is, in general, greater. Cross- 
over frequency location has been chosen 
as the independent variable because it is 
directly dependent on the gain of the 
servo. Since gain is easily adjusted in- 
tentionally and is in addition subject to 
undesired changes due to temperature, 
aging of tubes, et cetera, changes in gain 
are more common than are changes in the 
other properties of the open loop charac- 
teristic. 
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The curves of Figures 14 to 17 have 
been obtained by exact solutions on an 
electronic analogue computer, rather 
than by the approximate formulas of 
Table I. Thus the accuracy of the for- 
mulas can be observed by comparing the 
peak ordinate of any curve in Figures 8 to 
13 with the corresponding point on the 
appropriate curve of Figures 14 to 17, 
In addition, the curves of Figures 14 to 17 
are extended to cover systems which are 
not well stabilized, in order that these 
curves may be of help in securing initially 
stable systems suitable for further analy- 
sis or synthesis by the method given 
herein. 


Conclusions 


The preceding sections have shown 
how the synthesis of a servomechanism 
can be aided by a reduction of the labor 
involved in each repeated trial analysis. 
The present and final section illustrates 
another way in which the method ex- 
plained in this paper contributes to syn- 


Figure 10. Displacement error versus time showing the effect of chang- 
ing the ratio w./w» (calculated data) 
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Figure 11. 


thesis; the results of each trial analysis 
indicate in what way the trial design 
should be changed in order to make the 
next trial an improvement, thereby re- 
ducing the number of trials. 

The approximate error-versus-time re- 
sponse includes a sum of exponential 
terms in which each exponent is one of the 
break frequencies at which the slope of the 
open loop transfer characteristic 6,/e 
increases (becomes less negative) and in 
addition w,. The coefficients of the vari- 
ous exponential terms are combinations of 
@, and all the break frequencies in 0,/e 
below w,. (If any such break frequency 
is a “multiple break’”’, that is if the change 
in slope is more than 6 decibels per oc- 
tave, powers of ¢ will appear in the error 
response when the inverse LaPlace trans- 
form is taken.) 

This points out a practical way of ad- 
justing the shape of the error-time re- 
sponse of a servomechanism, since the 
break frequencies in the open loop trans- 


Figure 12. Displacement error versus time effect of varying slope ina 


Velocity error versus time showing the effect of changing 
the ratio w/a» (calculated data) 
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fer characteristic are directly related to 
the gains, time constants, and other phys- 
ical quantities. The exact procedure to 
use will depend upon the form of the par- 
ticular expression for error. 

A technique which is usually helpful in 
adjusting the magnitudes of the various 
exponential terms is the following: The 
coefficients in the approximate formulas 
for error such as those of Table I will con- 
tain differences of two frequencies. For 
well stabilized systems, the smaller of the 
two frequencies may be dropped from the 
formula. The resulting simplification is 
not extremely accurate numerically but 
gives a useful insight into the performance 
of the system and shows the direction in 
which improvement lies. 

For example, consider the group of 
velocity lag servos in which the slopes of 
the first three regions (below ws) are —6, 
—12, and —6 decibels per octave. The 
approximate error-versus-time curve is 
always built around two exponential 
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Figure 13. Velocity error versus time effect of varying slope in a 4- 
position system (calculated data) 
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terms, the shorter being e~°“ and the 
longer-lived being e~*". For a step dis- 
placement input the overshoot (which is 
approximately equal to the coefficient of 
the e~** term) is of the order of w2/w, and 
occurs at a time of the order of 4/a,. 
The peak error in the response to a step of 
input velocity is of the order of 1/m, and 
occurs at a time of the order of 2/w,. 
It can be shown either from the formulas 
or the curves that the time is the same for 
the displacement error to become zero as 
for the velocity error to become maxi- 
mum. The response of any 4-region servo 
system initially approaches that of a 
velocity lag system whose slope remains 
s—6 decibel per octave throughout the 
range of frequencies below w,; then the 
effect of w, and w, becomes apparent and 
the response changes its course and ap- 
proaches its steady-state value, usually 
with the speed of e~*“. The principal 
effect of w; is in determining the eventual 
steady state error. 


Figure 14. Peak displacement error versus «,-/ws for several values of 
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Figure 15. Peak velocity error versus w/o» for several values of w2/« 


(measured data) 


In other words, the shape of the error- 
versus-time response as [© is associated 
with the shape of the error/input transfer 
function ¢/@; and hence the open loop 
transfer function 6,/e as the frequency 
moves from infinity toward zero. For 
high frequencies €/6; is unity; the error is 
equal to the input at very small values of 
time. As the frequency is reduced past 
w,, the €/0; response becomes that of a 
velocity lag system, and the error ap- 
proaches that of a system whose open 
loop 6,/¢ response is —6 decibels peroctave 
for all frequencies beloww,. At still lower 
frequencies between wz and w, the open 
loop transfer function 0,/e has at least the 
slope of an acceleration lag system (—12 
decibels per octave); at large values of 
time the error-versus-time curve swings 
away from its earlier goal and approaches 
zero. At the lowest frequencies, below 
wi, the system again becomes a velocity 
lag system (if the slope of 0,/¢is —6 dec- 
ibels per octave below w;) and the final 
phase of the error-time response ap- 
proaches the steady state error corre- 
sponding to a velocity lag system whose 
open-loop, —6 decibels per octave slope 
passes through w, and not w,. (If the 
slope of 6,/e at frequencies below aw, is 
zero, or —12 decibels per octave, instead 
of —6 decibels per octave, the error will 
approach a correspondingly different 
steady state value, as is well known.) 

It should be re-emphasized that the 
method given herein applies only to the 
improvement of systems which have al- 
ready been stabilized. For this reason the 
break frequencies in the open loop trans- 
fer function higher than w, do not appear 
either in the exponents or the coefficients 
of the approximate formulas, such as 
those in Table I, but enter only through 
the adjusting ratio R. These breaks are 
usually determined by the small time lags 
or “secondary delays” in the system 
caused by filters or field or armature in- 
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Figure 16. Peak displacement error versus w,/w, effect of varying slope 


in a 4-position system (measured data) 


ductances. They are most important in 
establishing the limits beyond which the 
accuracy and speed of the transient re- 
sponse cannot be improved since w, must 
be kept a reasonable distance below them 
to maintain stability. The designer who 
neglects this basic requirement will gen- 
erally spend considerable time trying to 
improve the shape of his polar 0,/e plot 
near the —1 point, only to find that the 
plot unexpectedly swings close to the —1 
point at some higher frequency resulting 
in the same instability in a new form. 

The design of a servomechanism is 
usually begun by translating the cus- 
tomer’s performance specifications into 
terms of major load characteristics, input- 
versus-time encountered, anderror-versus- 
time responses allowed. Following this a 
prime mover is chosen; a control scheme 
is proposed. At this point an estimate of 
the secondary delays should be made so 
that the limitations which are imposed 
upon w, and w, and hence upon the size 
and duration of the errors can be realized. 
If these limitations are not acceptable, 
the individual physical elements causing 
the lags must be treated separately either 
by cascade or feedback compensation. 
Several such delays will generally be of 


150 


about the same length so that removing 
only one is not sufficient. After the sys- 
tem has been adequately stabilized, the 
approximate error/input transfer function 
can be obtained, and the approximate 
formulas such as those in Table I de- 
rived and studied to further improve the 
shape of the error-time response to meet 
the performance specifications. 


Appendix 


The following is an example similar to the 
one used in the text but the problem is more 
complex and it is worked out in greater de- 
tail. The problem is to find the response 
of the system described by the open loop 
transfer function of Figure 4 to a step of 
displacement and a step of velocity. 

The open loop transfer function is: 
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Using the approximation shown by the 
dotted part of the curve and substituting 
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Discussion 


Emile S. Sherrard (General Electric Com- 
pany, Schenectady, N. Y.): Messrs. Harris, 
Kirby, and von Arx give a relatively simple 
method for determination of the error as a 
function of time for representative inputs to 
alinear servomechanism. Figures 1 through 
6 of their paper demonstrate that the method 
can give an excellent approximation to the 
exact error. 

Because the method described is a 
straightforward one, it should prove useful 
to the system designer. The writer would 
like to inquire how the results of this method 
compare with results obtained by other 
methods. In particular, he believes a valu- 
able comparison could be made between the 
results of this method and results obtained 
by the methods of reference 1. 

The approximate expressions in this paper 
for ¢/@; are functions of s whose poles are 
real negative numbers. The exact expres- 
sion for ¢/@; and good approximations for 
«/0; may have poles for complex values of s. 
We see this is the case if we write 


% 
<6 
6: 6, 


and note that, in ordinary cases, the poles of 
¢/@; will be the poles of @/@; and the zeros 
of @/e. Often @/e can be approximated 
very closely by a function of s whose zeros 
are real and negative. However, if the plot 
of the absolute magnitude of @)/@; versus 
frequency has a maximum appreciably 
greater than one, good approximations for 
65/0; and ¢«/6; will have at least one pair of 
complex poles. 

For many high gain servomechanisms, it 
is difficult or uneconomical to make s/w 
greater than 8 to 10. For the systems and 
errors of Figures 1 through 6 of this paper 
;/a.=16. For w;/w.=8, the exact expres- 
sion for «/@; would probably have a pair of 
complex poles and the approximate expres- 
sion would have real poles. A comparison 
by the authors between the exact and approx- 
imate errors for ws/w:=8, would enable an 
evaluation of their method for the case in 
which ¢/@; contains complex poles. 
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R= 


If the following set of constants are used 
@o = 0.04; on =0.2; a2=1; we=4; os =16 
The time solution is 


€¢ =0.00842e~ °-** —0.384e '+-1.375e7 

ey =0.02—0.0421e °"+0.384e *— 
0.3437e7* 

R=1.93 


Here again the correction factor R should be 
applied only between 1/a:>t> 1/as. 

A plot of the error versus time is given in 
Figures 5 and 6 and as a check the time 


response of this system as obtained by an 
analogue computer is also shown. 

The extension of this approach to other 
systems is obvious and it also is evident that 
any type of input may be used so long as it 
can be expressed or adequately approxi- 
mated by a LaPlace transform. 
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H. Harris, Jr.. M. J. Kirby, and E. F. 
Von Arx: The main difference between the 
paper under discussion and the paper to 
which Mr. Sherrard makes reference is that 
the method described in the present paper is 
a way of relating transient response to fre- 
quency response without restricting the 
nature of the input, while the reference paper 
considers only step displacement inputs. 
This was illustrated in the paper by the 
curves which show the error response to 
steps of both displacement and velocity; 
moreover, the technique can be applied 
when the input is any function of time for 
which there exists or can be approximated a 
Laplace transform. Since the paper by 
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Mr. Chestnut and Mr. Mayer is a tabulation 
of exact solutions, a comparison in the realm 
where the papers overlap would be no dif- 
ferent than the comparison already given 
between the exact and approximate solu- 
tions. Figure 1 of this discussion shows that 
the agreement between exact and approxi- 
mate responses is still good for w3/w: as small 
as eight. As Mr. Sherrard points out, it is 
impossible to completely describe a function 
which has a complex pole by another whose 
poles are pure real negative numbers. 
When the contribution of complex poles is 
so large that it cannot be ignored, the tran- 
sient response will contain several cycles of 
high-frequency oscillation of relatively large 
magnitude. The approximate method is 
not intended for systems so close to the 
border of instability. This limitation on the 
method is felt to be acceptable, since a de- 
signer who seriously contemplates using 
such a system would be careful to experi- 
mentally measure its performance exactly. 
The approximate method would still be 
useful to get the design to the right order of 
magnitude, 
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Analysis of Power Costs of Bituminous 


Coal Mines 
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Synopsis: The trends and amount of elec- 
tric power use and cost at bituminous coal 
mines are of interest to the executive, the 
operating man, and the engineer alike. A 
study of the data based on a single year, or 
even a few years, could result in misleading 
conclusions; but the data from over 400 
representative mines for the past 26 years 
make it possible to determine the trends 
quite accurately. These trends, illustrated 
by graphs and tables, are discussed in this 
paper. 


Brief History of Application of 
Electricity to Bituminous Coal 
Mining 


HE USE of electricity for mining 
Des began in a small way about 
1879. Prior to that time, coal was hauled 
chiefly by mules or ponies, and at the face, 
pick mining and compressed air punches 
were used to under-cut the coal seam. 
Coal-cutting machines of the Breast type, 
first used in 1879, had increased in number 
to 545 by 1891, according to the first 
official United States Government record 
of the use of mining machines. Beginning 
about 1900 the Shortwall mining machine 
gradually came into general use, replacing 
the Breast machine. 

During the two decades, from about 
1880 to 1900, power plants at the coal 
mines furnished direct current chiefly for 
crude haulage locomotives, Breast cutting 
machines, and fan motors. In general, 
each mine had its own individual power 
plant. The mining operations were 
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carried along as far as the relatively low- 
voltage direct current could be trans- 
mitted without excessive voltage losses. 
Mines using 550 to 600 volts could mine 
out large areas, but many of the mines 
having adopted lower voltages for safety 
considerations, soon ran into real trouble 
from their inadequate power supply. 
Many of the latter group gladly welcomed 
the advent of the central station power 
companies, which, by means of a-c high- 
tension transmission lines, were able to 
deliver electricity to converting or trans- 
forming substations conveniently located 
near the places where power was to be 
utilized. 

Central station sources of power supply 
caine into prominence, particularly during 
the 6-year period of 1910 to 1915. Gradu- 
ally these public utility central stations 
have taken over the furnishing of elec- 
tricity for the operation of coal mines, 
until at the present time there are very 
few individual or private power plants in 
operation at mines located in the Ap- 
palachian bituminous coal mining areas. 

Records of power use and cost for 
mining coal were generally scanty and 
incomplete when private plants supplied 
the power requirements. In many in- 
stances no record was kept of the kilo- 
watt-hours used, and only the powerhouse 
costs were known. On the other hand, 
as soon as the mines began to purchase 
electricity from the public utility com- 
panies, each month the amount of 
monthly kilowatt demand and energy re- 
quirements were recorded. Coal com- 
pany managements became more cost 
conscious and more attention was di- 
rected toward the proper and efficient use 
of electricity for the production of coal. 
Nevertheless, each year the amount of 
electricity used for the mining of a ton of 
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coal steadily increased. Wages have 
risen steadily over the years, while elec- 
tricity progressively becomes cheaper, so 
it is natural and proper to mechanize the 
mining of coal and replace expensive 
labor with cheap electricity. 


Major Trends in Power Use and 
Cost at Appalachian Coal Mines 


This study of the use of electricity to be 
discussed in this paper, began in 1918 
with a yearly analysis of power use and 
cost for a large group of mines having 
widely varying physical conditions and 
tonnage output. The scope of the analy- 
sis was enlarged and more coal companies 
from many Appalachian bituminous coal 
mining states were included in the study, 
until by 1923 the items of data collected 
and the coal companies embraced, had 
become stabilized and comparable data 
could be collected from practically the 
same group of mines. 

For 31 years this analysis has been 
made, each year covering over 400 mines, 
principally in West Virginia, Virginia, 
Kentucky, Tennessee, and Pennsylvania, 
with a few in Maryland and Ohio. 

This paper, based on these analyses 
gives a comprehensive representation of 
the amounts and trends in power use and 
cost in bituminous coal mining during the 
last 26 years. The analyses cover mines 
using central station power, and mines 
employing individual private plants. 
This data is given in Table I* entitled 
“‘Average Monthly Use and Cost for Coal 
Mines for Yearly Periods from 1923 to 
1948 Inclusive.” Mines using central 
station power are greatly in the majority. 
Typical of the dependence of the coal 
mining companies on central station 
power for their supply of electricity, and 
the disappearance of the individual 
ptivate power plant from the scene, a 
curve has been drawn showing year by 
year the percentage of companies in- 
cluded in the annual analyses, operating 
their individual power plants, Figure 1. 
In 1923 there were 18 per cent of the coal 


*Because of their length, Tables I and II are not 
included in this paper. Copies of the tables are 
available on request to the author, 
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companies included in the analysis, oper- 
ating their own generating plants; 
whereas, in 1948 this percentage had 
dwindled to 1.1 per cent. The oppor- 
tunity of the central station to install and 
operate large efficient steam and electric 
units enabled electricity to be delivered 
and sold at steadily decreasing costs, but 
the chief handicap suffered by the inde- 
pendent private plant has been the steady 
increase in labor costs over the years. 

Because of the large variation in the 
comparable use of power between small 
tonnage output mines and large ones, the 
mines using central station power have 
been divided into six monthly tonnage 
classes, ranging in output from the 0 to 
5,000 tons per month class, to the very 
largest of over 60,000 tons per month. 
Mines of all tonnage classes using central 
station power, purchase it at the pre- 
vailing power rate in their locality. Usu- 
ally the rates include a demand charge 
based on a definite time interval demand, 
plus an energy charge with a block price 
scale. The data concerning power costs 
for these mines do not carry any fixed 
charges for any investment in electric 
equipment used at the mines, but the de- 
mand charges are usually considered as 
covering the fixed charges on the generat- 
ing and distributing facilities that are re- 
quired to supply the power. 

Tabulations for mines having their own 
individual private plants have been re- 
corded so as to be as nearly comparable as 
is practicable to those using central sta- 
tion power. However, no fixed charges 
are included in the costs for the individual 
power plants for the reason that the 
methods of setting them up are extremely 
variable at the different mines. In some 
cases the entire powerhouse investments 
have been retired. 

A typical and recent annual analysis, 


Figure 1. 


Percentage of coal companies operating steam plants, years 
1923 to 1948 


Table Ill. Changes in Power Use and Cost 
Generation of Coal Mining 
Electricity Performance* 
Coal Per Cost Per Power 
Kilowatt- Kilowatt- Per Ton, Cost 
Hour, Hour, Kilowatt- Per Ton, 
Year Pounds Cents Hours Cents 
(1) (2) (3) (4) (5) 
1920 3:39). es ZASO ee. 4.40 
W028 cans BO basses DAVOS ses 3.96 
TOSO rare 1.62 '4.:. 5... 2.000. . 
LOSE enn ee4 O's cine. c2 V.830.000.6 65: 
QAO cat L500%,9,5 sacs VTOGactsscres z 
TED ict LeOevts Leste 1535.6 5.0.5.6 6.13 
LOA eens k saites TWoS2.a eres 
NOES 6, 5, ork Oho sve sic be 


* Averages for a group of mines in the 10,000- to 
20,000-ton class. 


Column 2. Source, Federal Power Commission 
data covering all plants contributing to public sup- 
ply and Edison Electric Institute for years 1947 and 
1948, 


Columns 3, 4, and 5. Source, West Virginia Engi- 
neering Company, ‘“‘Analyses of Power Costs for 
Coal Mines.” Figures shown are for a large group 
of mines (average 45) in the 10,000- to 20,000-tons- 
per-month class. This group shows typical average 
performance because it is midway between the 
smallest and largest mines, and the mines in this 
group usually show efficient performance. 


the one for 1947, is given in Table II* 
entitled ‘“‘Analysis of Power Costs of Coal 
Mines for the Year Ending December 31, 
1947.’ This table gives much pertinent 
data relative to the power requirements 
and costs of mining coal under modern 
conditions with over 60 per cent of the 
coal loaded mechanically. It is selected 
as a reasonably normal example of pres- 
ent-day power use and cost, inasmuch as 
there is considerable inflationary cost 
showing up in the 1948 analysis due to the 
effects of coal clauses temporarily in- 
creasing electricity costs. An electrical 
or mining engineer can use the data on 
this analysis in many practical ways and 
with confidence, because with its broad 
coverage of such a large group of mines 
and the yearly consistency shown by the 
average figures, it is authoritative for the 


S 


a 


production of coal in the Appalachian 
area. 


What the Long-Range Record Shows 


A study of the record of the average 
mine in each class, for each year from 
1923 to 1948 shows the following facts: 


KiLowatt-Hours REQUIRED PER TON 
MINED 


With each succeeding year more elec- 
tricity is required for each ton of coal 
mined (see Figure 2). Electricity is 
cheap and its long-term cost trend is 
down. Therefore, it is sound manage- 
ment to harness electricity for every 
possible task, thus giving each workman 
a multitude of willing slaves. Whereas, 
coal was loaded into mine cars by hand 
for the first three decades of this 20th 
century, the majority of coal mined now is 
loaded mechanically. The percentage of 
coal loaded mechanically is increasing 
rapidly. Among the group of mines in- 
cluded in this study, the percentage of 
coal loaded mechanically has increased 
from about 40 per cent in 1944 to over 60 
per cent in 1948, Figure 3. It is cheaper 
to use electricity wherever it can be effi- 
ciently utilized than to use the muscles of 
either man or beast. 


Cost or UNITS OF ELECTRICITY 


The total cost of a unit of electricity 
(kilowatt-hour) purchased by the mines, 
shows a steady and definite decreasing 
trend, Figure 4. This trend may be at- 
tributed in part to rate reductions, in part 
to bettering the load factor at which the 
electricity is purchased, but a large por- 
tion of it has been due to the increasing 
use of kilowatt-hours in the lower priced 
brackets of the energy scale. The 1948 
trend of unit cost is up, due to inflationary 


Figure 2. Kilowatt-hours required to mine a ton of coal, six tonnage 
classes, years 1923 to 1948 
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PERCENTAGE OF COAL LOADED MECHANICALLY % 


1944 1945 1946 


Figure 3. 
years 1944 to 1948 


prices of coal used for power generation, 
which increased cost of coal, acting 
through coal clauses in power rates, 
caused a temporary or intermediate up- 
ward trend in unit cost of electricity. 
The long-term trend is toward lower unit 
cost, 

It is interesting to observe the extent 
to which central stations can generate a 
kilowatt-hour with less coal and reduce 
the unit charge for electricity, while 
simultaneously the coal mines use more 
kilowatt-hours per ton of coal mined. The 
net result is that the cost of power for 
mining a ton of coal has remained almost 
constant for over 25 years. In order to 
show the long-term trends in this respect, 
Table III has been prepared taking a rep- 
resentative group of mines, those pro- 
ducing 10,000 to 20,000 tons of coal per 
month and following the changes in power 
use and cost over a period of 29 years. 

By referring to Table III and con- 
sidering the period of 24 years from 1925 
to 1948, it will be noted that the average 
cost of a kilowatt-hour as purchased by 
this group of mines dropped 26.5 per cent, 
or on the average slightly over 1 per cent 


Figure 4. Total cost of electricity per kilowatt-hour in cents, six 
tonnage classes, years 1923 to 1948 
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per year; the amount of kilowatt-hours 
required to mine a ton of coal increased 
90.5 per cent, or on the average the yearly 
increase was approximately 0.15 kilowatt- 
hour. Stated another way, the amount 
of power used to mine a ton of coal in- 
creased one kilowatt-hour during each 6.7 
years. The increase was due to progres- 
sive mechanization, the growth in the size 
of the mines requiring more ventilation, 
pumping, longer haulage distances, and 
more preparation at cleaning plants. 
There was practically no increase in the 
cost of power used per ton of coal mined 
for this group of mines from 1925 to 1942, 
a period of 18 years, but the inflation dur- 
ing and after World War II was respon- 
sible for an increase of about 39.7 per cent 
in this cost. The coal clauses in power 
rate schedules were chiefly responsible 
for this increased cost of electricity. The 
improvements in the art of generating 
electricity have advanced so greatly that 


1944 1948 


1932 1936 
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Power cost per ton in cents, six tonnage classes, years 1923 


to 1948 


it required only about 38.4 per cent as 
much coal to generate a kilowatt-hour of 
electricity in 1948 as was required in 
1920. 


PowER CosTSs PER TON OF COAL MINED 


The net result of progressively lower 
costs for each unit of electricity pur- 
chased, and of increased amounts of elec- 
tricity used in mining each ton of coal, has 
been an almost constant or unchanging 
cost of power per ton of coal mined for all 
classes of mines over the period from 1923 
to 1942, Figure 5. There has been an up- 
ward trend in cost of power per ton of 
coal mined since the beginning of World 
War II. Future power costs will likely 
follow the general trend of prices. 

There is a great difference in the power 
requirements and costs of the different 
tonnage classes (see Figure 5). The 
mines included in the 0 to 5,000 tons per 
month have the highest power costs per 


Figure 6. Load factors of electricity utilized at coal mines based on 
demand in percentage, six tonnage classes, years 1923 to 1948 
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ton of coal produced. This group of 
mines having small monthly production 
includes many mines nearly worked out, 
in which case, pumping, ventilation, and 
haulage costs are high. New mines may 
have lightly loaded electric equipment. 
The power costs per ton of the group pro- 
ducing 0 to 5,000 tons per month are ap- 
proximately twice as great as the average 
power costs of mines producing over 
60,000 tons per month. The mines pro- 
ducing large monthly tonnages have many 
opportunities to minimize power costs, 
such as being able to fully load the elec- 
tric equipment, purchase electricity at a 
high load factor, and buy most of the 
energy used in the low cost blocks. 


Loap Factor OF POWER PURCHASES 


A simple definition of load factor with 
reference to power purchases is the rela- 


tion of the average hourly rate of power 
use during a period of a month, to the 
highest rate of power use during any 15- 
minute or 30-minute demand interval of 
the same month. Power rates vary con- 
siderably in specifying the basis of maxi- 
mum demand, but the term as used in 
this paper is simply the relation of 
average demand to maximum demand 
for a monthly period. 

Load factor is extremely important 
because modern power rates determine 
the cost of electricity more on the basis of 
load factor than on the quantity of power 
purchased. For this reason, the well- 
managed mine usually has a high load 
factor, and much attention and effort 
ate devoted to controlling or limiting 
maximum demand. A set of curves 
showing the trend of average power 
factors maintained by the various ton- 
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nage classes of producing mines has been 
prepared, Figure 6. 

In general, all the groups of mines have 
succeeded in improving the load factor of 
their purchases. The large mines are 
able to maintain the best load factors, due 
to the greater diversity of their many 
power requirements. This is one of the 
reasons why power costs are propor- 
tionally less to the large tonnage mines. 

To summarize, the data for the last 
26 years clearly shows the increasing use 
of electricity in bituminous coal mining, 
brought about chiefly by increased 
mechanization; the decreased cost of 
electricity per kilowatt-hour, the result of 
both of these trends being a practically 
constant cost per ton. Also, the con- 
tinued trend away from private steam 
plants to central station power is quite 
pronounced, 
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~ Metallic Rectifiers in Telephone 


Power Plants 


D. E. TRUCKSESS 


MEMBER AIEE 


Synopsis: Metallic rectifiers are a com- 
paratively new means of converting power 
from alternating current to direct current. 
Most of the component apparatus used in 
the Telephone Systems operates with direct 
current while the normal power source is 
alternating current. Therefore a_ static 
device without expendable parts which is 
obtainable in small and large current capac- 
ity lends itself as a means for power con- 
version in telephone power plants, 


HERE ARE many uses of metallic 

rectifiers in telephone power plants 
where rectifiers are required. These ap 
plications vary from 2 to 2,500 volts and 
in power sizes of a few watts to 10 kw. 
The metallic rectifiers are used primarily 
How 
ever, there are many applications where 


for charging storage batteries. 


the d-c power is used directly to supply 
relay circuits, talking battery, plate and 
filament for vacuum tube amplifiers, 
telegraph circuits, and teletypewriters. 
The principal advantage of metallic 
rectifiers diode or 
triode-tube rectifiers or the mercury-pool 


over hot-cathode 
rectifiers, in larger sizes, is that the recti- 
fying element is not an expendable part. 
This feature is particularly desirable when 
the rectifiers are located in PBX’s and 
small central offices where a maintenance 
man is not in attendance at all times and 
reliable operation is important. Metallic 
rectifiers lend themselves particularly to 
applications where a small amount of 
power is required. The rectifier can he 
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mounted within the associated equipment 
in inaccessible places as it is not necessary 
for the maintenance personnel to have 
direct access to it and the equipment ar- 
rangements of the rectifier can be made to 
fit into the mounting arrangements of its 
associated equipment. 

The disadvantages of metallic rectifiers 
are that they require in most cases more 
space than tube rectifiers, and they are 
also more sensitive to the higher ambient 
temperatures. However, in telephone 
central office applications this has not 
The metal- 
lic rectifier usually results in a higher first 


been a serious disadvantage, 


cost but in many cases the annual charges 
are less than with tube rectifiers when the 
cost of replacing tubes is considered, The 
metallic rectifiers do not lend themselves 
as readily to automatic regulation as 
thyratron rectifiers, However, with the 
use of saturable reactors and magnetic 
amplifiers to control the a-c voltage ap 
plied to the stacks a regulated metallic 


Figure 1. Copper oxide rectifier unit output, 
3 volts, 0.1 ampere 
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ve 


rectifier can be built. This combination 
makes it possible for regulated metallic 
rectifiers to compete on an annual charge 
basis with regulated tube rectifiers and up 
to approximately 10-kw sizes in the 
voltage range below 150 volts. 

This paper excludes the application of 
metallic rectifiers as circuit elements and 
does not include any description of mili- 
tary applications. 


Copper Oxide Rectifiers 


Copper oxide rectifiers first were used 
in the Bell System in 1927 to trickle 
charge PBX storage batteries. During 
the early 1930's a number of applications 
for small rectifiers were developed to 
supply talking battery to station wiring 
plans for local telephone intercommunica- 
tion, to trickle charge large storage bat- 
teries and to supply 24 volts for relay 
operation, Figure 1 shows a copper oxide 
rectifier which supplies 3 volts for operat- 
ing the telephone transmitter in station 
wiring plans and is mounted in the 
familiar ‘Bell’ box, This rectifier is used 
on the customer’s premise and is mounted 
on baseboards or is attached to desks. 
‘igure 2 shows a copper oxide rectifier of 
a larger size for the same purpose in sup- 
plying talking battery to larger station 
wiring plans and key equipments, It 
also supplies direct current for relays, and 
alternating current for lighting lamps and 
ringing buzzers, 


Figure 2. Copper oxide rectifier unit out- 
puts, 18 volts, 0.5 ampere direct current for 
relays, 3 volts, 0.1-ampere direct current talk- 
ing supply, 16 volts, 1-ampere a-c signaling 
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Copper oxide rectifiers mounted in the 
same cabinet as shown in Figure 2 are 
used for trickle charging PBX storage 
batteries which range in voltage from 17 
to 22 volts and provide currents up to 
1.2 amperes. 

Figure 3 shows the largest of the copper 
oxide rectifiers used in telephone power 
plants. It supplies 6 amperes for trickle 
charging 1, 2, or 4 emergency storage 


Figure 4 (below). 
Figure 6 (upper right). 


Figure 7 (lower right). 
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Selenium rectifier cells annual demand 


Selenium rectifier unit; magnetic regulation, 
output, 120 volts, 1 ampere 


Selenium rectifier unit; magnetic regulator, 
output, 24 volts, 9 amperes 
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Figure 3 (left), 

Copper oxide 

rectifier unit out- 

put, 2 to 9 volts, 
6 amperes 


Figure 5 (right). 
Selenium rectifier 
unit; manual 
regulation, out- 
put, 130 volts, 
0.2 ampere 


battery cells, These emergency cells are 
provided in large central offices and are 
connected in series with the main battery 
during primary power failure. They are 
normally not in the circuit and must be 
trickle charged to maintain their capac- 
ity. This rectifier is designed to mount 
in the power board of the telephone power 
plant. 

Table I shows the voltage and current 
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ratings of the principal copper oxide recti- 
fiers in telephone power plants. All of 
these rectifiers use the 11/,-inch diameter 
copper oxide cell in series and parallel 
combinations. These rectifiers in 1949 
required about 200,000 cells. 


Selenium Rectifiers 


Selenium rectifiers were first used in 
1942 to supply line current and power for 
operating the magnets in teletypewriters. 
The use of selenium rectifiers from 1942 
to 1945 was limited due to the war situa- 
tion, After the war, selenium found an 
increasing application in telephone power 


plants. The early use was of the small 


hid wks 


(ee 


size cells from 1 inch to 48/s inches in di- 
ameter. As larger size cells became avail- 
able they were used in the higher powered 
rectifiers. More flexibility in the applica- 
tion of selenium cells was thus made 
available as it is always desirable to use 
the minimum number of cells in parallel 
and to select the cell size to fit the current 
required. But when the current capacity 
of the largest size cell is reached, it is 
necessary to operate cells in parallel. 

Figure 4 shows the annual demand for 
the 11/ 
inch and the 4!/, inch by 6 inch size 
cells. Notice the shift from the 4%/s inch 
to the larger cell. 


2 inch, 25/;5 inch, 3%/s inch, 45/5 


Figure 5 shows a small selenium recti- 
fier that mounts under the table of tele- 
typewriter printers to supply the line 
current and power for the biasing winding 
of the line relay. This was the earliest 
application and continues as a large ap- 
plication for selenium cells. The output 
voltage is manually regulated with taps 
on the transformer. Figure 6 shows a 
larger selenium rectifier to supply the 19- 
type printer which requires approximately 
1 ampere at 120 volts. This rectifier in- 
cludes magnetic type of regulation, 

For automatically charging 24-volt 
batteries in PBX’s and to supply fila- 
ment to repeaters, selenium rectifiers with 
magnetic regulation are used in several 
current sizes. Figure 7 shows a 24-volt 9- 
ampere rectifier. This rectifier is designed 
to mount in the relay rack associated 
with the telephone equipment. 

Figure 8 shows a 12-volt 200-ampere 
regulated selenium rectifier which uses 
the saturable-reactor type of control to 
obtain regulation. The saturable reactor 
is driven by an electronic voltage am- 
plifier. The electronic amplifier is re- 
quired where a closely regulated voltage 
of +1 per cent is needed. This rectifier 
floats the storage battery which is used to 
supply filaments in a repeater station. 

In small central offices which use 24 
and 48 volts, a regulated metallic selenium 
rectifier may be used to float the storage 
batteries and is built in 100- and 200- 


Table |. Copper Oxide Rectifiers 
Volts Ampere Applications 
Seareicinr 0.1 .. Talking battery for key equip- 
ments 
2to9 ...6.0 ...Trickle charging 1, 2, or 4 cell 
battery 
18 0.5 . Relay and talking battery for 
key equipments 
17 to 22...0.5 ...Trickle charging 8, 9, and 10 


cell battery 


Zane . Relay supply and trickle charg- 
ing 
130 ...0.125...Telegraph printer supply 
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ampere sizes. Figure 9 shows a 48-volt 
and 100-ampere rectifier. These recti- 
fiers use saturable reactor control driven 
by an electronic amplifier. They also 
include control equipment for starting so 
that several rectifiers can be operated in 
parallel and started and stopped by the 
associated power plant as required by the 
central office load, 

Another type of application for selen- 
ium rectifiers is to supply the plate volt- 
age for telephone repeaters directly from 
the rectifiers. Figure 10 shows a 190- 
volt 0.5-ampere rectifier. A rectifier in 
the same type of cabinet is used to supply 
315 volts at 0.33 ampere. The output 
voltage is adjusted by taps on the trans- 
former, The ripple on the output is re- 
duced to 20 millivolts. 

Table II shows a list of the various 
voltage and current sizes now in use, the 
type of regulation and a short description 


of the type of application. These recti- 
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Figure 8 (left). 
tronic regulator, output, 12 volts, 200 amperes 


Selenium rectifier unit; elec- 


Figure 9 (above). Selenium rectifier unit; elec- 
tronic regulator, output, 24 or 48 volts, 100 
or 200 amperes 


fiers have all been developed since the war 
and have created the demand for selenium 
cells as shown in Figure 4. 

In general, it has been found that the 
copper oxide rectifier cannot compete 
economically with the selenium rectifier 
except in very small sizes. The copper 
oxide rectifiers described above, within 
this year will be converted to use selenium 
rectifiers except the 3-volt, 0,l-ampere 
size, The failures of copper oxide recti- 
fiers over the past 23 years have been 
negligible and could be compared to the 
failure of other electrical components such 
as condensers and transformers, The 
change to selenium is not caused by un- 
satisfactory performance but to effect a 
reduction in the first cost, weight, and 
the space required, 

The experience with selenium rectifiers 
has been very good. While insufficient 
time has elapsed to know whether they 
will last as long as copper oxide rectifiers, 
there are indications that the life may be 
as long. However, the selenium rectifier 
applications must be made with great 
care to insure that they do not operate in 
too high an ambient temperature, that 
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Figure 10. 
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Selenium rectifier unit; manual regulation, output, 190 volts, 0.5 amperes 


Table Il. Selenium Rectifiers 
Volts Amperes Regulation Application 
Ow ulatc Cee LP Sse katte Meee ae ae Aenea tr eal trate a raree ksy cues eke oka Trickle charging 4 cells 
CE Or ih OO ee Dey a operertistces vines: secs si We SU te Oo Satie suchcrehnens Trickle charging 1 to 4 cells 
Tete ateyatcpelle vray: <is ee PL Jap he Seay ae Aa eee Wieaa) oe cere eros. ove viwieleurt Filament supply 
LUD) sith ee ee AMS BS HATS bats 5 eee Manual ................Trickle charging 1 to 8 cells 
eet atialelaieieiee: 6.4 avs Ty Sort hs ieee Manual ................Relay and talking supply 
AES dice | ede ear te CER Pcs Bes Wilerilislig: ot cier. teres croovat way Relay supply 
VLD). sin. ee eee Re arava eden cioti tre soe verers Minnie ot 6a en, om Telegraph printer supply 
PAO) Choices Cho enc ee eee OBE Gare cite asia ror as Manual ... Telegraph printer supply 
ROOST dies. ce ues OUSGe Sit ganas. aataas Manual ................Telegraph printer supply 
OM ero. sy ecw ces ONGOS Aenea aes es Wariaall WF. * cuiscrscvaiaeichs eas Plate supply to repeaters 
BOOM tr wishidies Seu es DO: Bib e nine ce osdeavceeaers DiamtIALIme, orca Sheree kd Plate supply to repeaters 
SAGX 3 SG. an ee ee (AV se Spas na Manual ................Plate supply to repeaters 
OU.) SSS. eee ORS Oi Ricsanscupte ene ae Vilar Cael Wee piece coyepete iT Plate supply to repeaters 
ial ls rt hear OL A Sorcrs eco sgeenkene ohdes Magnetic ................Storage battery floating 
ON Se ap an ee BaP WS leith tras ater ober Mia SHEEIO Tf: ch con. ee site Storage battery floating 
Haas cis OE | eistng Morea cesta ae Mia gnetiovanirini divls cabo s Storage battery floating 
CEM hose: GEG ee UROL te cise ws a sche anes, Magnetic ................Relay supply 
Ee MR i fers (ole ssn es DO nk. ee yeas Bite Magnetions ects cue ene Telegraph printer supply 
UU A a PACS core cee one e Magnetic. wiigesteamacied Telegraph printer supply 
Sey. cigs) ON RRR Delran oho pastas RE Lectronic tre eyssers chs wieveyerea Storage battery floating 
ONS eo ice Cn ZOO De grsharsteren teres bers Electronic................Storage battery floating 
AT POP eI csi) =) <.'s 2.0. (GPa bh teenies ee Electronic................Filament supply 
ee 83 ee LUGO Fe Bes Bele tices Bee oe Electronics seyeitccvs.son cp es Storage battery floating 
oS) 08 Vane ee ZOOL Phir pe cis ca nh asi bene Blectronicsc sc .cs » iene. ak Storage battery floating 
Oo) io.tio oo ae DO Sear nte bie, AN es: 6 Electronic................Storage battery floating 
ty OO circ tecture e kee Electronic................Storage battery floating 
ES On aoc ae MZ OCT TES Reacts onere Aas PLeCeLORIC a s/c) -. ous. «eerste Storage battery floating 
OOO 3 ee O25 se eis Soltek PIECEFOMICH Sf viet ene. oon cence Submarine cable supply 


*Electronic amplifier driving a saturable reactor. 


they operate at the proper current density 
in each cell, and that their rated voltage 
is not exceeded. It is important that the 
inverse peak voltage applied to the cells be 
carefully controlled as there is very little 
safety factor, and in some cases surges 
or a distorted 60-cycle wave shape may 
produce selenium failures. 
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The development of higher-voltage 
selenium cells has spurred their applica- 
tion by reducing the first cost of the 
selenium stack in low-voltage rectifiers 
by reducing the number of cells required 
and has enabled the selenium rectifier to 
compete with high-voltage tube recti- 
fiers. The! development of larger cell 
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sizes to handle more current per cell has 
encouraged the use of selenium in higher- 
current rectifiers. In the 10-kw size it 
has been difficult for the selenium recti- 
fiers to compete in first cost with motor 
generators but the higher efficiency, 
smaller floor space, reduced maintenance, 
and the absence of noise of rotating equip- 
ment have encouraged their use in some 
applications. 


Discussion 


H. G. Mah (Canadian Line Materials Ltd., 
Toronto, Ont., Canada): Mr. Trucksess’s 
paper certainly shows the increasing accept- 
ance of selenium rectifiers. There are a few 
points on which we would like his comments: 

1. The input-output regulation require- 
ments and how this is met by the electronic 
and magnetic regulated types. 

2. Use of d-c marginal voltage relay 
controlled type for battery floating by the 
float-boost or 2-rate method and also by the 
constant voltage method using a reversible 
motor-driven continuously variable trans- 
former. We find this type has higher effi- 
ciency and power factor than types using 
saturable reactor and result in units larger 
than 10 kw desirable in many applications. 

3. Is 3-phase supply used in the larger 
electronic units? 


D. E. Trucksess: The following are com- 
ments on Mr. Mah’s questions: 

1. The requirements of regulation are to 
stabilize the d-c output to +1 per cent with 
changes of +5 per cent of the a-c input 
voltage and load changes of no load to full 
load. Details of how this is accomplished 
will be the subject of two papers scheduled 
for future presentation. 

2. The use of the 2-rate method of regu- 
lation is used in the Bell System only on 
small inexpensive batteries (20 ampere hours 
or less) as it definitely requires the battery 
to take and give acharge. This reduces the 
life of the battery. The motor-driven 
continuously varied transformer method of 
regulation is satisfactory and is used in the 
Bell System. To get the maximum battery 
life the voltage must be held to +1 per cent. 
The power factor is higher but the efficiency 
need not be lower than the saturable reactor 
type. 

3. All rectifiers larger than 2.5 kw are 
built for operation from a 3-phase power 
supply. 
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Transient Conditions in a Transformer 


Supplying Energy to a Half-Wave 
Rectifier Circuit 


P. N. MARTIN 


ASSOCIATE AIEE 


| ne rectifier circuits con- 
taining resistance, inductance, and 
capacitance, separately and in combina- 
tion, have been analyzed and explained in 
several papers.4%* In general, it has been 
assumed that the circuit was energized 
from a source of negligible impedance. 
For most purposes this assumption is en- 
tirely satisfactory and sufficiently ac- 
curate, inasmuch as the impedance look- 
ing back into the supply circuit is usually 
small compared with that of the rectifier 
and load. In some applications of the 
half-wave rectifier, however, the transient 
conditions when the circuit is closed or 
opened, or in the case of a controlled 
rectifier, when it becomes conducting or 
nonconducting, are important. These 
transients are affected by the charac- 
teristics of the supply circuit. Also, it has 
heen recognized that while the rectifier 
in the secondary circuit is conducting 
normally, the d-c component of the 
secondary current produced by the half- 
wave rectifier has a saturating influence 
on the transformer, which in turn causes 
the primary current to be large and to 
have large harmonic components, but the 
exact nature of this effect on the primary 
current is not self-evident,‘ 


PURPOSE AND Scope or THM 
INVESTIGATION 


The circuit studied in this investiga- 
tion consisted of a half-wave rectifier and 
load fed from the secondary of a trans- 
former, the primary of which was ener- 
gized from a single-phase, sinusoidal, low- 
impedance a-c source. The half-wave 
rectifier acts like an automatic switch or 
valve that allows current to flow freely in 
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one direction but blocks the flow, and in 
effect, opens the circuit when the voltage 
across it reverses polarity. Thus, even 
under steady-state conditions, in this 
type of circuit there is a discontinuity of 
current every cycle and the steady-state 
condition might be considered as a series 
of repeated transients. It was desired to 
determine just how the primary current 
adjusts itself to accommodate this pulsat- 
ing secondary current and the effect of the 
transformer resistance and electromag- 
netic circuit on the secondary current. 
The effect of changes in the type of load 
and other parameters of the circuit, in- 
cluding the transformer resistances and 
saturation curve, and the power rela- 
tionships also have been studied, 

During tests on this type of circuit, it 
had been observed that a d-c transient 
voltage appeared in the primary circuit 
whenever the secondary circuit was 
closed or opened, The characteristics of 
these transients have been investigated, 
including the effect of changes in the cir- 
cuit parameters and varying the time in 
the cycle of closing or opening the second- 
ary circuit; also, of closing and opening 
the primary instead of the secondary, 
The results haye been compared with a 
similar cireuit except with a battery sub- 
stituted for the rectifier to supply the d-c 
component of current. 

The theoretical study has assumed the 
rectifier to be perfect, that is, having zero 
resistance to current flow in the conduct- 
ing direction and infinite resistance to 
voltage tending to force current in the 
opposite direction, For the experimental 
work a metallic-dry-plate (copper-oxide) 
rectifier was used, operating at voltage 
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and current values such that it gave 
highly efficient rectification, close enough 
to the perfect rectifier assumed that the 
difference could be readily taken into 
account by assuming a small amount of 
extra resistance in series with the load. 
The grid-controlled rectifier has not been 
included in the study, but the results and 
conclusions apply to such rectifiers also 
to a considerable extent, and the methods 
used can be extended readily to give more 
exact information on circuits containing 
grid-controlled rectifiers. 

In all of this discussion the term steady 
state is used to apply when the circuit has 
stabilized so that successive cycles are re- 
petitive, even though there are discon- 
tinuities in each cycle. 


SUMMARY AND GENERAL CONCLUSIONS 


For the first analysis a simplified 
equivalent circuit for the transformer has 
been assumed, leakage reactance and core 
loss being neglected. Study of this cir- 
cuit shows that when the half-wave recti- 
fier load is closed in on this energized 
transformer, a direct voltage component is 
developed in the primary caused by the 
pulsating load current flowing through the 
primary resistance. Because of this volt- 
age drop, the net alternating voltage at 
the transformer exciting winding (supply 
voltage minus resistance drop) is not 
symmetrical, that is, the positive half- 
cycles of voltage are reduced in magnitude 
relative to the negative half-cycles. This, 
in turn, causes the magnetic flux varia- 
tions in the core to be unsymmetrical and 
an increasing magnetic bias in one direc- 
tion to develop in the core. Similarly, 
the exciting current develops a d-c com- 
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ponent whose magnitude increases on 
successive cycles until it is just sufficient 
to counterbalance the d-c component of 
the load current in the primary. Thus, 
the analysis of this transient condition 
leads to the explanation of the nature of 
the steady-state primary current. It is 
made up yor a pulsating, unidirectional 
component corresponding to the load 
current in the secondary and the exciting 
current, which includes a large d-c com- 
ponent as well as the usual a-c exciting 
current. The analysis is extended to 
cover the complete transformer circuit 
and the effect of changes in the load and 
transformer characteristics but the same 
basic analysis applies and the results are 
modified but little. 

The experimental results obtained 
using an oscillograph to study the voltage 
and current wave shapes, have verified 
the theoretical analysis. A method of 
exact mathematical analysis based on the 
differential equations of the circuit in a 
step-by-step process also is described. 

In most practical applications of this 
type of circuit, the transformer core is 
highly saturated because of the d-c com- 
ponent. This, of course, has appreciable 
effect on the exciting current. Satura- 
tion does not affect the d-c component of 
the exciting current appreciably in the 
steady state, because as explained pre- 
viously, that builds up just sufficiently 
to be equal and opposite to the d-c com- 
ponent of the load current on the primary 
side. Saturation does cause the a-c com- 
ponent to be increased, however, and to 
be unsymmetrical so that it contains large 
harmonic components, particularly second 
and other even harmonics. 

It is thus apparent that the steady- 
state primary current will always be un- 
symmetrical, even without saturation in 
the transformer. In the usual case the 
transformer will be saturated and the 
primary current will be further com- 
plicated and its rms value increased by the 
harmonics in the exciting current. 

Comparison of the results of the analy- 
sis of the transformer circuit having a 
half-wave rectifier in the secondary with a 
similar circuit except with a battery in 
series with the secondary to supply the 
d-c component gives some interesting re- 
sults. As discussed before, the primary 
current in the rectifier circuit after steady- 
state conditions have been reached con- 
sists of discontinuous positive pulses cor- 
responding to the current through the 
rectifier plus the exciting current, which 
has a d-c negative component equal in 
magnitude to the d-c average of the posi- 
tive pulses, and an a-c component. This 
analysis accounts for the absorption of 


1951, Vo_umE 70 


RECTIFIER 
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Figure 1. Basic circuit 


Figure 2. Equivalent circuit for that of 
Figure 1 


Figure 3. Simplified circuit for preliminary 
study 


power from the a-c source to supply both 
the a-c and d-c power in the load circuit. 
With the battery substituted for the 
rectifier, the steady-state primary current 
contains only the a-c load and a-c exciting 
current components and the required 
supply voltage is much lower for the same 
amount of fundamental frequency current 
in the load. 

The steady-state conditions thus are 
different, but the transients in the primary 
caused by closing or opening the second- 
ary which are superimposed on the 
steady-state current, are similar for these 
two circuits. When the secondary is 
closed, the primary transient consists of a 
positive pulse of current that rises quickly 
to a peak and then fades away gradually. 
The transient when the secondary is 
opened is similar except of opposite 
polarity. There is little difference in 
these transients in either type of circuit 
regardless of the point in the a-c cycle at 
which the secondary is opened or closed, 


Theoretical Analysis and 
Experimental Verification 


SIMPLIFIED CIRCUIT WITH 
RESISTANCE LOAD 


Theoretical Analysis. Figure 1 shows 
the basic circuit under consideration. The 
load R, is fed through the half-wave 
rectifier from the secondary of the trans- 
former, which is energized from a-c source 
e; through series resistance R,. For pur- 
pose of analysis the transformer can be 
replaced: by its equivalent circuit as 
shown in Figure 2. R; now includes the 
resistance of the primary as well as Rg, 
and R» includes the resistance of the 
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secondary and R,. For the present 
analysis this circuit has been further sim- 
plified as shown in Figure 3 by substitut- 
ing the single inductance L,, for the trans- 
former windings and omitting R,, which 
represented the core loss in Figure 2. 
This is the equivalent circuit for Figure 1 
if the transformer has a one-to-one turn 
ratio and the leakage reactances of the 
windings and the core loss are neglected. 
In other words, the coupling coefficient is 
assumed to equal unity and the mutual 
inductance M is equal to the primary in- 
ductance Z, and secondary inductance 
Lz; and is the same as the magnetizing in- 
ductance L,,. Actually this is a close 
approximation for an iron-core trans- 
former of small or moderate voltage and 
power rating and usual design proportions. 

For the first analysis it is assumed that 
LT» is constant, that is, the relation be- 
tween magnetic flux and current is linear 
without saturation in the range of current 
involved. The following analysis follows 
the changes that occur after the switch is 
closed in the secondary circuit until the 
steady state is reached and successive 
cycles are repetitive. A general method 
of carrying out this solution would be to 
solve the differential equations for the 
circuit for the two conditions, one with 
the rectifier conducting and the second 
with the rectifier blocking, which is 
equivalent to the load circuit being open. 
Then, the solution would be carried on in 
a succession of steps of approximately a 
half-cycle duration each, alternating be- 
tween the two conditions of the secondary 
circuit as its voltage alternates between 
positive and negative. It is more in- 
structive, however, and more simple to 
use the following method, which is based 
on the concept of volt-seconds in an 
inductance corresponding to the change 
in flux linkages produced and to the 
change in current.’ This method is very 
useful whenever the voltage and current 
do not follow simple sinusoidal patterns. 
It is based on the law of voltage induction 
by changing magnetic field that links a 
winding, 


(e is the applied voltage necessary to 
overcome the induced electromotive force 
so that the equations are written with 
positive instead of negative signs before 
Nand L). 

These equations can be rewritten in the 
forms, 


1 wel 
fern foo and fon fa 


1469 


Figure 4(A) (left). Cal- 


AMPERES 


Thus, if the value of the integral of edt 
in volt-seconds can be obtained for any 
interval, by usual integration methods or 
by measuring or estimating the area 
under the curve of voltage versus time, 
the corresponding change in flux linkages 
or in current is obtained directly. 

Figure 4 shows the results of a calcula- 
tion made in this manner for a selected set 
of parameters in the circuit of Figure 3. 
These particular values were selected in 
order to correspond with apparatus used 
in a test circuit to be described later in 
this paper. The value of R; was pur- 
posely chosen larger than it would be in 
most practical circuits in order to illus- 
trate the voltage conditions in the primary 
circuit more clearly. It is assumed that 
the primary circuit has been closed suffi- 
ciently long for the steady state condition 
with open secondary to be established, the 
current 7 having an amplitude of 0.624 
ampere and lagging the applied voltage 
by 88 degrees. The magnetizing current 
dm is the same as 7, under this condition. 

The switch in the secondary circuit is 
then closed at any time in the negative 
half-cycle prior to 4. There is no change 
in conditions, the rectifier keeping the 
circuit effectively open, until the voltage 
€m across L,, starts to go positive and the 
rectifier becomes conducting, and in ef- 
fect, closes the secondary circuit. By 
estimating values of 7, and i,, determining 
the corresponding wave form for voltage 
ém, then calculating the volt-seconds in 
this voltage wave for the positive half- 
cycle, the change in magnetizing current 
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culated conditions for 

circuit of Figure 3 after 16 

closing of secondary ¥ 

R:=1 ohm 12 

R,=1 ohm 10 

Lim =0.074 henry 

Frequency=60 cycles 8 

per second 6 

Xm =28 ohms 5 

Switch closed during “ 

the negative half-cycle 9 ! 4? 
preceding time 1 ti 0 >0 

Curve A—Supply volt- = -|\ -2 

age e1 

Curve B—Primary: meg- “* ~* 
netizing current im 257 e ©, 

Curve C—Primary re- -4 

sistance voltage drop pe 

ipRy 

Curve D—Voltage at “le 

transformer e€m (across -14} 

Lm); this also is the ae 
secondary voltage 

Figure 4(B) (right). 


Same as Figure 4(A) 
except several cycles 
later 


im Guring this period can be calculated. 
The estimated values for 7; and 72 are then 
corrected and the calculation repeated 
until the resulting value of 7, checks to 
the desired degree of accuracy with the 
estimated value. With judicious selec- 
tion of the trial values, sufficient accuracy 
can be obtained usually on the first or 
second trial. Since the voltage applied at 
L,, is reduced during the conducting half- 
cycle because of the drop in R; due to the 
load current, the volt-seconds applied to 
Ly, are reduced compared with the no- 
load condition. The change in t,, is cor- 
respondingly less so that at fy tm is less 
than it was at the end of the preceding 
positive half-cycle (at —182 degrees rela- 
tive to f)). 

A similar procedure is then carried out 
to obtain the change in 7, during the 
negative or blocking half-cycle, ft, to fs. 
An estimated value for 7,, is used for 
trial, the corresponding e,, is obtained by 
subtracting the 7,,R; drop from the supply 
voltage e, the volt-seconds in the e,, 
wave between f, and f; are calculated, and 
from this volt-second value, the change in 
1m is obtained as explained above and 
checked against the trial value. A second 
trial is used if the first was not accurate 
enough. Since e, has nearly the same 
amplitude during this first blocking half- 
cycle as before the switch was closed, the 
change in 7, between f; and ¢; is approxi- 
mately the same as the difference between 
positive and negative peaks of i,, in the 
steady-state condition with open second- 
ary. Thus, the negative change in i, 
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from fz to ¢sis larger in magnitude than the 
positive change between 4; and fz, and the 
value of i is considerably more negative 
at tgthan at t;. Thus, in succeeding cycles 
the average value of 7,, becomes more and 
more negative although at a logarith- 
mically decreasing rate in a manner 
typical of transient conditions in circuits 
containing inductance and resistance. 

The reason for this development of a 
negative d-c component in the magnetiz- 
ing current is the unbalance in the voltage 
€m across the transformer winding, the 
positive portions of the voltage wave 
being smaller in amplitude and having 
less volt-seconds area than the negative 
portions. This reduction in amplitude of 
the positive portions of the voltage wave 
results from the drop of the load current 
pulse through the primary resistance Rj. 
Thus the primary 7R, drop acts auto- 
matically to produce a negative d-c com- 
ponent in the magnetizing current 1. 
This negative component continues to in- 
crease in magnitude until a balance is 
reached, that is, the volt-second integral 
of the positive part of the voltage wave 
across the transformer winding is just 
equal to the volt-second integral of the 
negative part. Succeeding cycles are then 
repetitive. Under this steady-state con- 
dition the average d-c voltage drop of the 
negative component of the exciting cur- 
rent in the primary resistance Ry, just 
counterbalances the d-c Voltage drop due 
to the pulsating, unidirectional load 
current and the resulting net average 
in the primary circuit equals zero, 
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Figure 5. Oscillograph record of test on cir- 
cuit similar to Figure 1. The order of traces 
from top to bottom is: 


1. Voltage across resistor Ra in primary 
(shows primary current i;) 


2. Input voltage e, (F=60 cycles per second) 


3. Voltage across rectifier in secondary cir- 

cuit. (The trace extends below that for ie 

during the half-cycles that the rectifier is 
blocking current flow) 


4. Voltage across load resistance Ry, (shows 

secondary current jz). The trace for i, extends 

above that for the rectifier voltage during the 
conducting half-cycles 


5. Voltage across secondary of transformer 


6. Voltage across primary of transformer 


Figure 4(A) shows the changes in cur- 
rent and voltage that occur during the 
first two cycles after the secondary 
switch is closed. Figure 4(B) shows the 
results of a similar calculation for a cy- 
cle an appreciable time later. It is 
assumed that the magnetizing current 
4m, has reached a value of —4.0 amperes 
at the end of a blocking half-cycle, this 
time being arbitrarily designated as ty. 
The calculation is carried out in the same 
manner as before. At the end of this 
cycle, tes, tm is found to have a value 
practically the same as at the beginning, 
ty, within the limits of accuracy of the 
calculation. Thus, z,, is no longer tend- 
ing to become further negative and suc- 
ceeding cycles will be repetitive. 


Test Results. Figure 5 is a set of oscillo- 
grams taken in a test circuit having sub- 
stantially the same parameters as that 
used for the calculated curves of Figure 4. 
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The test circuit was as shown in Figure 1 
with a small transformer of suitable volt- 
age and current rating. The voltage 
source for the primary was a Variac trans- 
former of relatively large rating so that its 
impedance was negligible, which was 
energized from 115-volt 60-cycle com- 
mercial Low 


ammeters of the transformer type were in- 


power. impedance a-c 
serted in the primary and secondary cir- 
cuits, with a permanent magnet type d-c 
ammeter also in series in the secondary. 
Instead of the switch shown in the second- 
ary circuit, a contact on an oscillating, 
pendulum-type 
used. This opened and closed the second- 


circuit-interrupter was 
ary circuit six times per second so that it 
was alternately open and closed for inter- 
vals of approximately five cycles dura- 
tion. A conventional, 6-element mag- 
netic oscillograph with the six voltage ele 
ments connected across various parts of 
the circuit as indicated in Figure 5, was 
The film in the oscillograph was 
started at random without any particular 


used, 


synchronization with the circuit-inter- 
rupter, 

This oscillogram has been selected for 
Figure 5 from several taken on the same 
test circuit, because the closing of the 
secondary happened to occur during the 
negative part of the cycle. The point of 
closing can be seen to have occurred 
slightly before the supply voltage reached 
its negative peak. The action of the cir- 
cuit following this closing corresponds to 
the preceding theoretical analysis. There 
is no change during the rest of the nega- 
tive half-cycle except that the secondary 
voltage appears as inverse voltage across 
the rectifier instead of across the open 
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contact. The development of the large 
negative component of exciting current in 
i, after conduction starts shows up clearly. 
The negative peak of 7, in the fifth cycle 
is only slightly different from the fourth, 
so that it is apparent that the steady state 
has been reached practically by the fifth 
cycle. It is apparent also that the a-c 
exciting component of 7; becomes con- 
siderably larger when the switch is closed 
than it was with the secondary open. 
This results from saturation in the trans- 
former core caused by the negative bias 
that develops in the exciting current and 
consequently in the magnetic flux. 

Other effects brought out in the theo- 
also in 


retical analysis are 


The first load-current pulse 


apparent 
Figure 5. 
(72) is somewhat smaller than the final 
Similarly the pri- 
the 
transformer are at first unbalanced but 


steady-state pulses. 
mary and secondary voltages at 


gradually become readjusted so that the 
positive and negative volt-second areas 
for a cycle become equal. These transient 
conditions go along together and all the 
voltages have nearly reached the steady 
state by the fifth cycle after the contact 
closed, 

Figure 6 shows the steady-state volt- 
ages for the same circuit as Figure 5 to a 
larger scale. These were carefully traced 
from the screen of a cathode-ray oscillo- 
scope. The amplifier in the oscilloscope 
was set to a suitable sensitivity by the use 
of a sine-wave calibrating voltage and 
this setting was left unchanged so that all 
of the traces can be compared directly. 
This is not true of the traces of Figure 5 
as no particular attempt was made to 
have the six elements of the magnetic 
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Figure 7 (right). 


Same as Figure 6 
except with trans- 


former replaced 


VOLTS 


by one with an 
air gap, similar in 


other propor- 


tions; curve 


designations are 


Figure 6. Steady-state voltages in same test 
circuit as for Figure 5, traced from screen of 
cathode-ray oscillograph 


A—Input voltage, e: (12.0 volts rms) 
B—Voltage across resistor Ra in primary (I; 
measured 4.85 amperes rms); dash line shows 
estimated magnetizing component, imRa 
C—Voltage across transformer primary (8.0 
volts rms) 
across transformer 
(7.6 volts rms) 
E—Voltage across rectifier; O’ is corrected 
zero line based on reading of —3.1 volts 
direct-voltage component 
F—Voltage across load resistance Rz (shows 
secondary current ly which measured 3.0 am- 
peres d-c and 3.3 amperes a-c rms). O’ is 
corrected zero line based on reading of 2.69 
volts direct-voltage component 
G—Voltage across Ra with secondary open 
(shows transformer no-load current, which 
measured 0.44 ampere rms) 


D—Voltage secondary 


oscillograph directly comparable in de- 
flection sensitivity. Since the cathode- 
ray oscilloscope amplifier eliminates the 
d-c components and shows only the a-c 
components on the screen, the direct 
voltages shown in Figure 6 were measured 
separately with a voltmeter. 

From the curves of Figure 6, particu- 
larly that for the drop across R;,, which 
is a direct indicator of the secondary cur- 
rent, it is apparent that conduction takes 
place for more than half the cycle. This 
also agrees with the results of the analysis 
of Figure 4(B). This effect is prominent 
in this circuit because of the relatively 
large value of the resistance R, in the 
primary circuit. The current with the 
secondary open shows the typical distor- 
tion, with considerable third-harmonic 
content, in the exciting current for an 
iron-core transformer due to saturation. 
This core was only slightly saturated with 
only the a-c voltage applied, however, as 
the density was 5,000 gausses, a moderate 
value for medium quality, 0.014-inch 
thick, silicon steel transformer lamina- 
tions. 
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the same as for 
Figure 6 


Figure 7 is the same as Figure 6 except 
that the transformer has been replaced by 
one with an air gap, otherwise nearly the 
same as that used for Figure 6. The flux 
density in the core with the secondary 
open was 6,300 gausses in this circuit. 
The results are similar to Figure 6 except 
that the a-c exciting component remains 
sinusoidal even when the half-wave recti- 
fier load is closed and is smaller in ampli- 
tude than with the secondary open be- 
cause of the primary resistance drop, just 
as it was in the theoretical analysis shown 
in Figure 4(B). The exciting current is 
large compared with the load current be- 
cause of the air gap. 

Power Relationships. The power rela- 
tionships for the steady state in a half- 
wave rectifier circuit with resistance load 
such as Figure 1 have been covered by 
many papers and texts, but are repeated 
here for completeness and to compare on 
the primary and secondary sides. It is 
assumed that the secondary current con- 
sists of a series of half-sine-wave pulses 
similar to that shown in Figure 7, This 
will be true if the primary resistance is 
negligible and the voltage drop through 
the rectifier while conducting and its 
leakage current while blocking are neg- 
lected. If the amplitude of the secondary 
current pulses is represented by A and 
the average value (over one or more 
complete cycles), which is the d-c com- 
ponent, is represented by J,, then,® 


A=rlIq 

Fundamental component (rms), Ig =1.11I¢ 
Second harmonic (rms), Ji29=0.472¢ 

Third harmonic, Jy3)=0 

Fourth harmonic, Io49=0.094Ig 

Higher harmonics are negligible 

Tp (rms)=1.57 Ig 


The above relationships follow from a 
harmonic analysis of the half-sine-wave. 

The following expressions will then ap- 
ply for the average power of each com- 
ponent in the load resistance: 


D-c component power =J42R 

Fundamental component = 1.23/¢2R 

Second-harmonic component =0.223742R 

Total power=(1.57 Ig)?R=2.46 Ig?R 
=(0.5A )?R, since A =3.147q 
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Curves A, C, D, and E were not changed per- 
ceptibly and are not repeated 
Curve B—I, measured 5.1 amperes rms 
Curve F—Direct-voltage component measured 
9.72 volts 
Curve G—No-load current measured 4.55 


amperes rms 


As shown in the Appendix, an analysis 
of the power delivered by the secondary 
gives the same average value, confirming 
the results of the harmonic analysis. Ina 
nonlinear circuit such as this, however, it 
is of more interest to consider the energy 
transfer during each part of the cycle 
rather than average power. The energy 
is delivered to the load resistor in pulses 
and the load does not receive any energy 
during the blocking part of the cycle. As 
shown in the second section of the Ap- 
pendix, on the primary side energy also is 
taken from the supply in pulses (repre- 
sented by a sine-squared term), which are 
the same as the pulses delivered to the 
load by the secondary, assuming the 
transformer winding resistances and core 
loss to be neglected. The expression for 
power on the primary side, however, also 
contains a sine term with amplitude pro- 
portional to the d-c component. This 
term represents the energy absorbed in 
the magnetic circuit of the transformer 
during the blocking half-cycles and given 
up again during the period that the 
rectifier is conducting.” 

Thus, on the primary side the circuit 
absorbs energy from the source on both 
the conducting and blocking half-cycles. 
For the assumed conditions the amount of 
energy absorbed from the source by the 
transformer during the blocking half 
cycles and given up again during the con- 
ducting half cycles is approximately 40.5 
per cent of the total energy delivered to 
the load. The average power expressions 
are the same for the primary and second- 
ary sides, as is to be expected inasmuch 
as the transformer losses are neglected. 


CIRCUIT WITH PRACTICAL TRANSFORMER 
AND RESISTANCE LOAD 


The leakage reactances of the windings 
have the effect of series reactance in the 
primary and secondary circuits, With 
an iron-core transformer of usual propor- 
tions operated at reasonable loading, the 
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effect of the leakage reactance will be 
small and can be neglected in the analysis 
unless great accuracy is required. The 
effect of inductance in the circuit is con- 
sidered later. Similarly, the core loss is a 
minor influence in the circuit and can 
usually be neglected in an analysis of the 
currents and voltages at various parts of 
the circuit. In designing transformers for 
this service, however, the increase in core 
loss resulting from saturation because of 
the d-c component through the half-wave 
rectifier is important. Unless the trans- 
former is of unusual proportions relative 
to the voltages and currents in the cir- 
cuit, or has an air gap, saturation of the 
core by the d-c component will have con- 
siderable effect on the voltages and cur- 
rents in the circuit, particularly their 
wave shapes, and the time required for 
steady-state conditions to be established 
after a change is made in the circuit. The 
effects of saturation are considered in the 
section on Effects of Saturation in the 
Transformer Core. 


The analysis for the transformer with 
1-to-1 turn ratio applies also, of course, to 
any turn ratio if the secondary imped- 
ances are converted to the same voltage 
base as the primary by multiplying them 
by the square of the turns ratio. 

In the example in a preceding section, 
the primary circuit resistance Ri was 
made equal to the secondary and load re- 
sistance R, so that the voltage drop across 
R, would be appreciable and the effect of 
this drop in determining the current in the 
primary circuit would be illustrated 
clearly. In a practical circuit, R, would 
usually include only the resistance of the 
wiring and primary winding and would be 
only a small fraction of R, in ohms, on the 
same voltage basis. With R, and R, in 
the example changed so that R, becomes 
small relative to Ro, but their total is such 
as to keep the final load current about the 
samme as before, the voltage drop across R, 
at any time will, of course, be small rela- 
tive to the supply voltage and the voltage 
€m at the transformer winding will be more 
nearly the same as the supply voltage. 
The principal difference from the original 
example will be in the longer time re- 
quired to reach the steady-state condi- 
tion, because the difference in the 7R, 
drop between the conducting and block- 
ing half cycles will be less effective than 
before. In other words, the change in the 
d-c component of the exciting current is 
smaller per cycle, and a longer time is re- 
quired to produce the same final d-c com- 
ponent. The action of the circuit is the 
same as before, however, and the voltage 
drop of the d-c component of the load 
current in the primary resistance still 
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causes the exciting current to develop a 
d-c component that increases until the 
two just counterbalance each other. 


EFFECTS OF SATURATION IN THE 
TRANSFORMER CORE 


In a half-wave rectifier circuit in- 
volving an appreciable amount of power, 
the transformer feeding the rectifier 
usually will operate with the core satu- 
rated to a considerable degree because of 
the d-c component of the exciting cur- 
rent, which produces a d-c ampere-turn 
level on the core equal to that of the load 
current as explained above. The satura- 
tion does not change the general theory, 
but it does have two pronounced effects: 
the steady-state condition is established 
more rapidly after the secondary switch is 
closed, and in the steady-state condition, 
the a-c component of the exciting current 
will be larger and will contain large har- 
monics, particularly the second har- 
monic. 

The quicker response might be con- 
sidered, in a general way, to be the result 
of decreased inductance in the windings 
because of the saturation. The following 
analysis, in more detail, considers the 
changes caused by saturation compared 
with the simple circuit covered in a pre- 
ceding section. 

In the previous analysis, the results of 
‘which are shown in Figure 4, the magnetic 
flux gin the core was assumed to be directly 
proportional to the magnetizing current 
1m so that the curve for 1,, also represents 
¢ with a suitable proportionality constant. 
The flux thus also develops a negative 
unidirectional component because of the 
difference between the positive and 
negative volt-second areas of the voltage 
at the coupling inductance, Z,, in Figure 
3. The core will thus tend to become 
saturated on the negative swings of flux. 
It is still correct to use the relationship, 


i 
femal oe 


but it is no longer satisfactory to use the 
similar relationship for the integral of 
dim in terms of L, @m, and #, since 1, is no 
longer proportional to ¢; in other words, 
L is no longer a constant. At é;, in 
Figure 4, if the magnetization curve is 
such that ¢ is well into the saturated re- 
gion (in the negative direction), 7, will 
swing to a large negative value. Beyond 
ts, as @ increases in the positive direction 
away from the saturated state, 7, will 
swing back sharply to a moderate value; 
thus 7, will have a large negative peak of 
short duration in the vicinity of 4. The 
4R; drop will restrain this and subse- 
quent peaks and limit their amplitude 
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and at the same time modify the nega- 
tive voltage wave at the coupling induct- 
ance L,,, reducing its volt-second area so 
that ¢@ will not have to swing so far in the 
negative direction. With the saturated 
core, at the steady-state condition, i 
will have the same average d-c negative 
component as before, just equal and op- 
posite to the average d-c component of 
the pulsating load current (in the primary 
side). The negative swings of i, now 
will have high sharp peaks, however, be- 
cause of saturation, and the average value 
about which ¢ oscillates will still be nega- 
tive but of considerably smaller magni- 
tude than without saturation. The de- 
termination of the exact shape of the i, 
curve with saturation present is not easy, 
but if the shape of the magnetization 
curve (¢ against 2,,) is known, it can be 
determined by a step-by-step, graphical 
method.® 

Effects of saturation are seen clearly 
in the wave shape of the primary current 
4, in the oscillograms of Figures 5 and 6. 


CLOSING THE SECONDARY CIRCUIT AT 
DIFFERENT POINTS IN THE CYCLE 


In the analysis of the section on Sim- 
plified Circuit with Resistance Load 
it was considered that the switch in 
the secondary circuit was closed during 
a period of negative secondary voltage, 
that is, during the part of the cycle in 
which the rectifier would block reverse 
current flow. If the switch is closed after 
the secondary voltage goes positive so 
that conduction starts immediately, the 
balance of this first conducting half- 
cycle will be different from before, but the 
over-all change in succeeding cycles will 
be similar and the final steady-state 
condition will be the same, but will be 
reached a fraction of a cycle later than for 
the condition in which the first conducting 
half-cycle is a complete one. After the 
switch closes, the secondary current con- 
sists of a transient and a steady-state 
component as in a plain a-c circuit, but 
the resultant current is, of course, cut off 
by the rectifier when it tries to go nega- 
tive. In the resistance-load circuit pre- 
viously discussed the time constant of the 
load circuit, that is, the resistance and the 
unavoidable reactances including the 
transformer leakage reactance, would be 
so short that the transient component 
would practically disappear before the 
end of this first conducting period. The 
second conducting half-cycle would then 
start off as in the above-mentioned analy- 
sis except that the value of flux and pri- 
mary exciting current would differ by 
small amounts from the former values. 
This comparison emphasizes again that 


1473 


4 


Figure 8. Same as Figure 5 except for time of closing and opening the switch in the secondary circuit. 
degrees after time that e, increased through zero 


the time required to establish the over-all 
steady-state conditions in the half-wave 
rectifier circuit involves the magnetiza- 
tion of the transformer core, that is, the 
magnetizing inductance in addition to the 
smaller series inductances due to leakage 
flux. This time will thus usually be 
several cycles when the time constant of 
the series circuit is much shorter. The 
longer time is similar to that for the 
magnetizing transient in the same circuit 
when a d-c source is connected into the 
primary or secondary circuit with the 
other circuit already closed. 
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The oscillograms of Figure 5 and 8 
show the little difference caused by closing 
the secondary at different parts of the 
cycle. For example, there is very little 
difference between Figure 5 after closing 
of the switch about 70 degrees after the 
voltage has gone negative, and Figure 8 
after closing of the switch about 70 de- 
grees after the voltage has gone positive. 
The largest differences show up in the 
primary current values at the end of the 
first conducting half-cycle. At this time, 
f in Figure 5, the primary current i, 
has not quite decreased to zero and then 
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Angular values shown are electrical 


in the blocking period at f; reaches ap- 
proximately 40 per cent of its negative 
steady state peak value. In Figure 8, 4 
is somewhat more positive at & than in 
Figure 5, and at ¢; it reaches only about 
25 per cent of its negative steady-state 
peak. During this same blocking period, 
t, to ts, the voltage across the rectifier, 
which is then the same as the secondary 
voltage, has a negative peak value ap- 
proximately 6 per cent jess in Figure 5 
than in Figure 8. In other words, in 
Figure 5 there has been more progress to- 
ward the steady-state condition after a 
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full conducting half-cycle than in Figure 8 
after a conducting period that did not 
start until the voltage had progressed 
about 70 degrees past the start of its 
cycle. Also, in Figure 5, the steady state 
practically has been reached at the end of 
four cycles, whereas in Figure 8 there is 
still a measurable difference between the 
negative peak of 2 at the ends of the 
fourth and fifth cycles. 

A controlled rectifier, in which the 
firing point is delayed in each cycle until 
some predetermined time after the volt- 
age goes positive in order to control the 
average d-c value, is not considered in de- 
tail here, but the first conducting cycle of 
Figure 8 indicates what can be expected. 
The general theory outlined will still ap- 
ply, but, of course, the wave shapes of 
current and voltage will be modified be- 
cause of the rectifier becoming conducting 
and, in effect closing the secondary circuit 
only during the latter part of the positive 
voltage periods. 


OPENING THE SECONDARY CIRCUIT 


The analysis of conditions in the trans- 
former circuit after closing the secondary 
circuit containing the load fed through a 
half-wave rectifier, showed a transient 
condition of relatively long duration in 
the primary, associated with the building 
up of the direct component of flux in the 
transformer core. A similar transient 
condition of opposite polarity is set up 
when the secondary is opened, and the 
study of this transient condition is of 
similar interest. 

In a plain a-c transformer circuit when 
the secondary is opened, the primary 
current changes abruptly to the small, ex- 
citing or no-load value. A small transient 
will occur because of the abrupt change in 
current through the primary series im- 
pedanee, including the primary resistance 
and leakage inductance. These are 
usually small and consequently the volt- 
age at the primary and the resulting flux 
in the core will change very little when the 
load current is shut off by opening the 
secondary. If direct current produced 
by a direct voltage source such as a bat- 
tery or generator is present in the second- 
ary as well as the a-c load current, open- 
ing the secondary will, of course, cause a 
transient in the primary because of the 
voltage induced by the collapse of the d-c 
component of flux in the core. The half- 
wave rectifier circuit resembles this latter 
condition, but it is different in that the 
tectifier which develops the d-c compo- 
nent gets its energy entirely from the a-c 
primary supply. An interesting question 
for analysis is whether any transient will 
occur when the secondary switch is 
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opened during a blocking half-cycle when 
the rectifier already has the circuit ef- 
fectively opened. 


The reaction that occurs upon opening 
of the secondary can be understood 
readily by considering the results shown 
in Figure 4 of the analysis of a circuit of 
this type after the secondary was closed. 
It is assumed that the steady-state condi- 
tion, as shown by Figure 4(B), has been 
reached before the secondary switch is 
opened. It is apparent that following the 
opening of the switch, the primary current 
and the transformer flux must return to 
the no-load condition shown at the left of 
Figure 4(A), prior to 4. In the steady- 
state condition of Figure 4(B) the mag- 
netizing current 7,, has been varying in a 
nearly sinusoidal wave about an average 
value of approximately —3.56 amperes, 
the negative sign indicating that this d-c 
component is in the opposite direction to 
the pulsating load current. In this ex- 
ample, the flux was assumed to be propor- 
tional to 7, so that it also has a large 
negative bias. After the secondary 
switch is opened, the load current com- 
ponent immediately disappears from the 
primary, but the induced voltage caused 
by the collapse of bias component of 
the flux tends to maintain the negative 
component of magnetizing current. Thus, 
this negative component decays in a man- 
ner similar to the transient in a series re- 
sistance-inductance circuit with a time 
constant determined by the total resist- 
ance and inductance of the primary cir- 
cuit, including the magnetizing induct- 
ance, not just the primary-winding leak- 
age inductance of the transformer. The 
cyclic variations in flux and z,, are super- 
imposed on the d-c transient. 


A more exact analysis can be made ina 
manner similar to that given previously 
for closing the circuit. If the secondary 
switch is opened at some point during the 
blocking half-cycle, that is, between fy 
and fg in Figure 4(B), there will be no 
change in the pattern until ft; since the 
rectifier already has the circuit effectively 
opened. Ati this time 7, has a value of 
—4.0 amperes which causes a voltage 
drop of 4.0 volts in the 1-ohm primary re- 
sistance R,. In the positive half-cycle of 
voltage following to, there is no longer 
any positive pulse of load current, only 
the negative 7,,, and the drop through R, 
is of polarity to cause the voltage applied 
at the transformer winding to be larger 
than the supply voltage. Thus the volt- 
seconds area of the positive half-cycle of 
voltage applied to the transformer will be 
increased so that the resulting change of 
dm Will be large in the positive direction. 
Similarly, in the next negative half-cycle 
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of applied voltage, the volt-seconds will 
be reduced so that the change of z,, in the 
negative direction will be small. Thus, as 
long as 2,, has an average value different 
from zero, the voltage drop through the 
primary resistance will set up an influence 
to bring z,, to zero, in a manner similar to 
the building up of the negative bias in 7, 
after the circuit was closed. 

From this analysis it is apparent that 
the transient in the primary is caused 
mainly by the collapse of the d-c com- 
ponent of flux and will be practically the 
same regardless of the point in the cycle 
at which the secondary switch is opened. 
This is shown by the oscillograms of Fig- 
ures 5 and 8, which include several dif- 
ferent times of circuit opening. It will be 
noted in all of these that the first negative 
peak of primary current following the 
opening of the switch is much smaller in 
magnitude than those in the steady-state 
condition with the switch closed. This 
results from saturation in the core. In 
the steady-state, conducting condition 
the core saturated with the result that the 
negative swings of z,, went much larger 
relatively than the negative swings of 
flux. After the switch is opened, the bias 
in flux, which caused it to extend into the 
negative saturated region, immediately 
starts to disappear as explained above. 

In a circuit in which the magnetizing 
current 2,, has a larger amplitude than the 
average value of load current, 7,, will go 
positive during part of the cycle as shown 
in the oscillogram of Figure 7 for the air- 
gap transformer. Even if the secondary 
switch is opened at a time in the cycle 
when 7,, is positive, there will still be a 
transient consisting of the negative com- 
ponent of 7,, decaying to zero. In other 
words, although z,, and the flux are posi- 
tive at the time of opening the switch, 
they should be still larger in the positive 
direction for the no-load condition and the 
transient still has the same direction and 
corresponds to a collapse of negative mag- 
netic flux in the transformer core. 


CLOSING AND OPENING THE PRIMARY 
SIDE OF THE CIRCUIT 


The conditions in the circuit with the 
switching on the primary side instead of 
the load side have not been included in 
the detailed study, but a few conclusions 
are evident. Upon closing the switch, 
there will usually be a magnetizing tran- 
sient the same as if the secondary were 
open, depending upon the point in the 
voltage cycle at which the switch is closed. 
This primary transient current may be 
very large and have either polarity and is 
affected by the magnetic flux density at 
which the core is operated, the shape of 
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Figure 9. Oscillograph record of test circuit same as Figure 1 except with switching contact in primary circuit instead of secondary; oscillograph 


the magnetization curve, and the amount 
and polarity of residual magnetism pres- 
ent. The adjustment of primary current 
as required to produce the pulsating cur- 
rent through the rectifier in the secondary 
circuit as previously discussed is super- 
imposed on this magnetizing transient. 
The magnetizing transient will not be 
made more severe as it would be by 
direct current already existing from a 
battery or generator in the secondary 
when the switch closes at a point in the 
cycle requiring an initial change in flux of 
the same polarity as that caused by the 
direct current.® 

When the primary is opened, the 
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connections were the same as for Figure 5 


energy stored in the magnetic field ex- 
isting in the transformer at the instant of 
opening the circuit normally is dissipated 
in a transient pulse of current from the 
secondary through the rectifier and load. 
The bias flux in the core is of the correct 
polarity to produce voltage to send cur- 
rent through the rectifier in its conducting 
direction when this flux collapses. In 
Figure 3, for example, the net current 
through the coupling inductance L,, has 
been upward (the negative magnetizing 
component of the total primary circuit 
current 7). After the primary circuit is 
opened, the collapse of flux in L,, tends to 
induce voltage to send current in the 
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direction shown for 7. The amplitude of 
this transient will vary with the point in 
the cycle at which the switch is opened 
and will be greatest if this occurs at a 
negative peak of flux, that is when the 
voltage across Ly» is increasing through 
zero. 

It is possible for the flux to be positive 
at the time of opening the primary 
switch, so that the transient voltage pro- 
duced in the secondary would tend to 
send current in the reverse direction 
through the rectifier. This would be 
equivalent to an open secondary and the 
energy would be dissipated in an arc at 
the switch. This could only occur in a 
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circuit in which the magnetizing current 
has a large amplitude compared with the 
load current as with the air-gap trans- 
former used for the oscillograms shown in 
Figure 7. 

Figure 9 is a set of oscillograms taken 
in the same test set-up as Figures 5 and 8 
except with the switching contact in the 
primary, side. 


GENERAL MATHEMATICAL 
CIRCUIT WITH INDUCTANCE 


SOLUTION; 


The method of analysis shown in a 
" preceding section, making use of the volt- 
second integral to calculate changes in 
magnetizing current, is correct in theory 
but in some circuits the calculation of the 
volt-second areas may be difficult to 
carry out accurately. For example, if 
the load includes inductance as well as re- 
sistance, the pulses of current from the 
rectifier to the load will not be parts of a 
sine wave in phase with the supply volt- 
age but each current wave will increase at 
an increasing rate, reaching a maximum 
later than the voltage and continuing to 
lag the voltage until the current drops to 
zero. Conduction continues over more 
than 180 degrees with an inductive load. 
The voltage drop in the primary resist- 
ance produced by this load-current com- 
ponent, being nonsinusoidal, causes the 
voltage at the coupling inductance to be 
distorted also. Although the calculation 
of the transient change in magnetizing 
current may be difficult, it is apparent 
that it will be of the same general form as 
analyzed previously and will build up a 
negative d-c component just sufficient to 
counterbalance the d-c component of the 
load current. 

In the usual practical problem it is 
possible to set up the circuit and obtain 
the transient analysis by means of an 
oscillograph as was done in the tests de- 
scribed above. This, of course, is usually 
the quickest and most practical method 
of analyzing even the more simple circuits 
such as that with resistance load pre- 
viously discussed. The general method 
of mathematical analysis is always avail- 
able, however, and is straightforward, 
provided all the circuit elements can be 
considered linear including the induct- 
ances; that is, saturation does not occur. 
The rectifier is still considered to be 
equivalent to an automatic switch having 
an open and a closed position. In the 
solution of the problem in which .the 
secondary switch is closed after the pri- 
mary has been energized for some time, 
the general basic circuit of Figure 2 can 
now be used, although it can be simpli- 
fied with little error usually by neglecting 
the core loss of the transformer, that is, 
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considering R, to be infinite. The first 
step, is to solve for the steady-state pri- 
mary current 7,, magnitude and phase 
angle, with the secondary open, and from 
this the voltage across the mutual induct- 
ance M. This voltage will lead the sup- 
ply voltage by a small phase angle and z,, 
will be at its negative maximum when 
the voltage across M increases through 
zero. 

This is the starting point for the 
transient condition, if the secondary 
switch has closed during this negative 
half-cycle. This first part of the solution 
is a simple a-c series-circuit, steady-state 
problem. 

Starting from this time 4 when e, 
becomes positive, the secondary circuit 
will be closed and will remain so for a time 
longer than 180 electrical degrees until 72 
decreases to zero and starts to go nega- 
tive, at which time the blocking action of 
the rectifier will, in effect, open the 
secondary circuit. During this conduct- 
ing period, the problem involves the 
transient analysis of a simple coupled cir- 
cuit containing two loops with a sine- 
wave voltage source in one. The rectifier 
is disregarded for this part of the solution. 
It is considered to be short circuited inas- 
much as the conducting condition is now 
under consideration. The differential 
equations and their solution can be found 
in most texts on transient analysis.’ The 
general equations for the circuit of Figure 
2 with R, neglected (infinite resistance) 
are as follows: 


(Lip+ Ri) — Mpiz = E; sin (wt +6) 
Mpi,—(Lop+R2)i2=0 


where # indicates the derivative with re- 
spect to time. 

The solutions for the primary and 
secondary currents will be of the form: 


4=A sin (wt—B,)+CQe ™+Die 2 
i, = B sin (wt — B2) + Qe “+ Dre 7% 


In these expressions the sine terms are 
the a-c steady-state currents and can be 
found readily by the usual calculation 
methods for a circuit of this type contain- 
ing two meshes. It is convenient to 
measure time for this part of the solution 
from the instant that e,, increases through 
zero in order to simplify the exponential 
terms. If this is done, @ in the expression 
for the sine-wave supply voltage e, must 
be changed to suit. The other two terms 
in each expression for current are the 
transient terms which express the adjust- 
ment of the circuit to take care of the 
discrepancies between the existing values 
of current when the rectifier starts con- 
ducting and the values that should exist 
at that point in the supply voltage cycle 
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according to the steady-state terms. The 
exponential coefficients a, and a» that de- 
termine the time rate of decay of these 
transients depend upon the resistance and 
inductance values. The detailed solution 
of the differential equations for Figure 2 
results in the following values for a; and 
Q2: 


4 Rily+Roli+ / (Rilo +RoL1)? = 
a 4(L,L.— M2)R,Re 


2(L,L2— M2) 


dz is the same as a; except with a minus 
sign before square root instead of plus. 

The Cand D coefficients are determined 
by the boundary conditions. C, D, C., 
and D, are not independent but involve 
only two independent quantities, the 
initial values of 2; and 7%. The relation 
between C, and C2, and D, and D, can be 
determined by substituting the transient 
parts of the solutions for 7, and 72 in one of 
the original differential equations and 
equating the total coeflicientofe “tozero 
and that of e ”, to zero. Thiscan be done 
because the general differential equation 
holds good for the transient part of the 
solution and steady state part independ- 
ently and for all values of t. The resulting 
relationships for the circuit under con- 
sideration are as follows: 


=, C(hia Ky) 


C. 
2 Ma, 
D,(Lia2—R 
Dex 1¢ 142 1) 
Maz 


In the rectifier circuit, the initial value 
of %2, of course, is zero and the initial value 
of 7, is the negative value of 7,, at the close 
of the preceding blocking period. Sub- 
stituting these initial values of 7, and 7 
and the values of the steady-state terms 
for this starting instant in the equations 
for 7 and 7%, with C, and D» expressed in 
terms of C; and D,, two relationships for 
C, and D,; are obtained which can be 
solved to determine these constants. 

If the initial values of di,/dt and di2/dt 
are known as well as 7, and 7%, another 
method of determining C,, Di, C,, and D2 
is available. By differentiating the ex- 
pression for 7; and substituting the known 
initial values in the equations for 7 and 
di,/dt, the values of C, and D, can be de- 
termined. C, and D, would be similarly 
determined from the 7, equation. This 
can be used here inasmuch as di,/dt_ 
equals zero at the end of the blocking 
period and start of the conducting period, 
the voltage across the primary inductance 
being equal to zero at this instant. Simi- 
larly di/dt equals zero at the start of con- 
duction since the voltage across the 
secondary inductance also equals zero at 
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this instant, the same as the total second- 
ary voltage, 

After the mathematical expressions for 
i, and ty, together with the constants in 
these equations, have been determined, 
the next step is to find the time when con 
duction stops, that 16, 1, decreases to zero, 
This is readily done by gubstituting trial 
values for tin the equation for 4 until a 
value ig found that gives y=0 within the 
desired limits of accuracy, The value of 
timust be between 140 and 460 electrical 
degrees, of course, depending upon the 
amount of inductance and resistance in 
the cireuit, The value of 4 ie then de- 
termined for this time ty at which 4 equals 
wero, these being the starting boundary 
conditions for the blocking period that 
follows, 

fior the blocking period, the circuit be 
comes & simple series cirenit with a sine 
wave applied voltage and the primary re 
sistance and inductance, the secondary 
being open because of the blocking action 
of the rectifier, The solution for sueh a 
cirewt will be of the form! 


7 
"1 
Ts 


=I sin (atte Oy) Ge 


The firet lem of this equation, the sine 
fermi, is merely the steady state current 
with the secondary open as determined 
previously, Again, it is convenient to 
slant measuring Une anew from ty, and 
O, will lave to be properly correlated with 
i, Constant Gis readily determined from 
the known value of 7, at 4, ae found for the 
end of the coudueting period, The end of 
the blocking period is then determined, 
This will oecur when the voltage across 
the rectifier, which is the secondary volt 
aye and also equal to the vollaye aerose 
the coupling inductance M in Higure 2, 
becomes equal to zero and starta to go 
positive, Hor é, to be zero, dij/dt avast 
equal zero, #0 Chis value of time ty ean be 
found by differentiating the expression for 
4 diving the blocking period and equat 
ing dij/dt to vero, The value of 4, will be 
more negative al ty than at 4 as in the 
previous analysis for a simple resistance 
load, 

The solition for the next conducting 
period, 4 lo 4, will he the same aa for 4 to 
Aexcept that constanta Cand D will have 
Hew values because of the different value 
of at the starting point 4, The angle p 
in the aleady state part of each expression 
will have to be properly correlated with 
the new tine vero, of course, 

It is apparent that thie step-by-step 
method oan be carried out until the 
tleady alate ia reached, Lf it in desired to 
plot curves for 4, and dy, the values can be 
obtained from the expresslons for these 
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currents by substituting suitable inter- 
mediate values for t, 


Conclusion 


In 4 circuit energized from an a-c source 
through a half-wave rectifier the current 
flows in pulses in one direction because the 
rectifier blocks current from flowing in the 
reverse direction during the periods of re- 
verse voltage. It has been shown that the 
following conditions exist when there is a 
transformer between the a-c source and 
the half-wave rectifier circuit: 

1, After steady-state conditions have 
been reached, or when successive cycles 
are identically repetitive, the primary 
current is made up of the following com- 
ponents: a pulsating, unidirectional com- 
ponent the same ag the secondary load 
current with the turn ratio taken into ac- 
count, the alternating exciting current for 
the transformer, and a d-c magnetizing 
component, which is just equal in magni- 
tude to the average (d-c) value of the load 
current in the primary and has the op- 
posite polarity, 

2, rom the preceding statement it 
follows that there is no net direct current 
flowing in the primary eireuit in the 
steady state, The alternating current, in 
general, will be unsymmetrical, containing 
even harmonic components, even when 
there ip no appreciable saturation in the 
transformer core, 

4 The magnetic flux in the trang 
former core has a bias corresponding to 
the d-e component of exciting current, 
If the core saturates as is common in this 
type of application, the exciting eurrent 
will have a high peak value in the satu. 
rated direction on each eycle and will have 
larve second and other even harmonie 
components along with the usual odd 
harmonies, The bias in the flux will be 
less when saturation occurs and will have 
4 magnitude puch that the average d-e 
value of the exciting current meets the 
conditions of conclusions | and 2, 

4, When the secondary cireuit is 
closed, a transient voltage appears across 
(he resistanee in Che primary cireuit, This 
causes the negative component of mag. 
nelizing Current to develop and disap. 
pers as this current reaches the steady- 
slate value, A similar transient oceurs 
when the switeh is in the primary, in addi- 
lion to the usual magnetizing transient, 
which may be large, 

5, ‘This transient always has the same 
polarity and has the same general nature 
regardless of the point in the voltage 
eyele al whieh the switeh is closed, 

(, ‘The seeondary current builds up 
nearly to the sleady-atate value on the 
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first full conducting half-cycle and is bnly 
slightly affected by transient conditions. 

7, A transient. voltage of opposite 
polarity appears in the primary when the 
secondary is opened, due to the collapse 
of the bias flux in the transformer core. 

8%. When there is resistance in the 
primary circuit, the pulses of secondary 
current last for longer than a half-cyele 
even when load has a high power factor. 

The study that has been made on this 
type of circuit suggests the possibility of 
further analysis on the prediction of the 
duration of the transient conditions as the 
circuit parameters are varied, Applica- 
tion to a load including a capacitor in 
series with the rectifier also offers an in- 
teresting problem for further study. In 
this circuit the secondary current, be- 
comes zero, of course, when the capacitor 
becomes charged to the peak secondary 
voltage, The general method of analysis 
should have other applications in analysis 
of circuits including rectifying elements, 


Appendix |. Power Relationships 


Verification that the Average Power Delwered 

by the Transformer is liqual to the Total 

Power of the Harmonic Current Components 
in the Load Resistance 


If the peak of the load current carried by 
the half-wave rectifier in the circuit of Figure 
| has the value A (amperes), the amplitude 
of the required secondary voltage HZ, will be 
equal to AR,, and the secondary voltage 
may be written as ZZ, sin 0, in which 0=wt, 
This statement applies to the steady state 
condition and assumes the impedance in the 
primary circuit to be negligible, 

The secondary current equals A sin 0 from 
d=0 10 0180 degrees, and equals zero 
from 0180 to 360 degrees, for a pure re- 
sistance load, 

The power delivered is thus equal to 


q w 
[ ii, (sin 6)A sin 6d0+- 
Qn) J0 
an 
fs Fy (sin nx0 | 


EA [{"™ 
= (sin? 9d0-4+-0) 


ar 0 


bafta Ba 
2 4 Jo 4 


Ab 
= 4 R, (since Ay= A Ry) 


This is the same expression as that in the 
section entitled Power Relationships based 
on the harmonic eurrent components, 


Verification that the Average Power Delivered 

to the Transformer Tquals*the Power De- 

livered to the Load, if the Transformer Losses 
Are Neglected 


As shown in a preceding section the pri- 
mary current consists of three components, 
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the load current, which is the same as the 
secondary current (for a 1-to-1 turn ratio); 
the a-c exciting component; and a d-c com- 
ponent of exciting current which is equal 
and opposite to the d-c component of the 
load current. The a-c exciting component 
is out of phase with the voltage and can be 
dropped from further consideration since 
the transformer losses are being neglected. 
The power delivered to the transformer will 
thus be the same as the secondary power 
derived above except that the negative d-c 
component, —Jg, must be included. The 
expression for average power will then be: 


sa ff Bsn sin @—Jg)d6+ 
2 0 
or 
ah E» sin wo— 10 | 


1 =x 
cele Ez sin 6A sin 6)d@+ 
2 0 
tx 
ie Ex( —Ig) sin wo | 
0 


Since the integral of the sine for a com- 
plete cycle (0 to 2x) is zero, this gives the 
same result as that derived for the secondary 
power in the preceding section of this 
Appendix. 
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Synopsis: The memory of a number of 
electronic computers is based on the storage 
of discrete charges on the inner face of a 
cathode ray tube. The effect of variations 
in the resistor network determining the loca- 
tion of these charges is investigated in this 
paper. It is shown that substantial ad- 
vantages can be derived from a raster with 
nonuniform spacing, such a raster having 
somewhat the appearance of the stripes of a 
Scotch Plaid. 


ECENTLY developed memory 

schemes employ the storage of a 
raster of discrete charges on the face of a 
cathode-ray tube. The individual storage 
areas (spots) must be sufficiently sep- 
arated so that there will be no interference 
between adjacent areas, even in the case 
of the worst variations of tube and circuit 
parameters. 

The design separation will, therefore, 
be the sum of two separations: (a) The 
minimum separation for which inter- 
ference between spots is negligible; (b) 
An additional separation to allow for 
variations in the deflection voltages. 

A common method of producing the 
taster is to relate the spot to the setting 
of a binary counter by means of a re- 
sistor network!? as shown in Figure 1. 

In this circuit the input to each re- 
sistor is at one of two discrete voltages 
according to the setting of the corre- 
sponding counter stage. The output 
voltage of this circuit is proportional to 
the binary number in the counter chain, 

The design of this network must include 
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the effects of resistor variations on the 
spot spacings. These effécts are the sub- 
ject of this investigation and it is shown 
that a very critical resistor network is re- 
quired for uniform spacing, but that these 
requirements may be relaxed consider- 
ably by employing a nonuniform spacing. 


Effect of Resistor Variations 


Consider the circuit of Figure 2, using 


the normalized voltages 0 and 1. The 
output voltage of such a circuit is 
n—1 
Dd Eig 
Ey== 3, E=0,1 (1) 
SS & 
7=0 


which also may be taken as the deflection 
on a normalized scale. 

To illustrate the effect of resistor 
variations in this circuit, consider first 
the simplest case of two resistors only. 


The 4-spot Raster 


Consider the circuit of Figure 3(A), 
where g;=2go, and each resistor is subject 
to +20 per cent variation. 

Figure 3(B) shows graphically the four 
output levels corresponding to the four 
possible switch settings together with the 
spread due to resistor variations. It will 
be noted that the minimum voltage dif- 
ference between adjacent levels when the 
resistors take all possible values within 


re 


the +20 per cent limits is 0.25 volt on the 
outer spaces but only 0.1428 volt on the 
center space. Clearly it would be better 
to make the minimum spacing uniform 
rather than the mean spacing. This is 
done by making 


£1 = 2.350720 (2) 


The resulting spacings are shown in 
Figure 4, where a minimum spacing of 
0.2209 is evident. 

This design change has therefore re- 
sulted in a 55 per cent increase in the 
minimum spacing for the same over-all 
raster size. If the original minimum 
separation was sufficient, the over-all 
linear size could be reduced to 65 per cent 
of that required by a uniform raster. 

This elementary 4-spot raster has 
served to illustrate the advantages to be 
gained from the Scotch plaid raster. The 
general case now will be studied. 


The General Raster Design 


As in the 4-spot example, any raster 
based on uniform minimum spot separa- 
tion rather than uniform line spacing will 
allow larger minimum spot separation or a 
smaller area or both. If both minimum 
separation and area are satisfactory, the 
nonuniform raster allows the use of larger 
resistor tolerances. 

Table I gives the ratio of the resistor 
tolerances of the Scotch plaid raster to 
those of the uniform raster when both be- 
come vanishingly small. The same raster 
area and deflection voltages are assumed. 
The curves of Figure 5 show the values of 
the same ratio up to Scotch plaid resistor 
tolerances of 30 per cent. The table was 
computed from equation 25 and the 


Figure 1. A deflection generator 


Horizontal Deflection 
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Vertical Deflection 
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ene 2. A generalized deflection generator 


curves of Figures 5 from equations 22, 
23, and 24. 

It will be noted that advantage of the 
Scotch Plaid raster over the uniform in- 
ereases markedly with an increasing 
number of lines. As an example, suppose 
a 32-line, 1,024-spot raster is required. 
Using a Scotch Plaid raster with 6 per 
cent resistors gives a certain pattern size. 
To achieve the same size with the same 
minimum separation in a uniform raster 
0.86 per cent resistors would have to be 
used. 

From Figure 6, which shows the 
relative raster sizes, it is seen that 6 per 
cent resistors are quite impossible for the 
32-line (n=5) raster. 

Figure 6 is a plot of so/s on x and x, 
as a common base, where sy is the spacing 
for ideal resistors, namely 1/(2”—1). 
To have the same physical separation the 
raster size must vary inversely with re- 
spect to s. ; 

Note the relatively slow rise in raste1 
size with increasing resistor tolerance in 
the case of the Scotch Plaid raster, and 
the marked contrast in the case of the 
uniform raster. Thus for 64 lines (n=6, 
4,096 spots) and 5 per cent resistors the 
size of the Scotch Plaid raster is only 1.36 
times the ideal with perfect resistors, 
whereas for the uniform raster we should 
have to use 0.4 per cent resistors for the 
same relative size, and resistors of as 
little as 1.4 per cent tolerance are quite 
impossible. 


Resistor Design 


The equations for the design of the re- 
sistors of the Scotch Plaid raster are de- 
rived in Appendix I. 

For a uniform raster the relative con- 


1.0000 


LL, es 
VILLA © «9 
0.3895 
WM HH MUM 
HHL °. °9°4, 
0.2209 
0.0000 


Figure 4. Spacings on a 20 
per cent, 4-spot Scotch Plaid 
raster 


=2% (3) 


The corresponding equation for the 
Scotch Plaid raster is 


k 
1 x 
ft aot «| oS 1 | (4) 
£o 1L1—xi+2sx4 


where s is the minimum spot separation 
expressed as a fraction of the total pattern 
size, and x, is the fractional tolerance of 
the ith resistor. Note that if 2” is the 
number of lines, 


s€1/(2"-1) (5) 


In most cases equation 4 may be approxi- 
mated by 


k 
Bh _ ok e(1+a4) (6) 
£0 1 
or even by 

k 
Bao 14 x) (7) 
£0 1 


If all the resistors have the same toler- 
ance, the preceding formulas become 


Be _op{_1tsx__ 
Lo Pw asx 


Care should be taken when using the 
approximate forms to see that the error 
is indeed negligible. 


The Uniform Probability Raster 


k 
) =2(1+x) 
=2*(1+kx) (8) 


If a great many deflection circuits were 
built and aged the resistor values would 
be found to be grouped around their 
nominal values according to some fre- 
quency law, or there might be a different 


ductances are given by equation 3. law for different nominal values. If this 
1.0000 
0.2500 
TL, ecw 7 
LLL, «55-944 
0. 1428 
EL pe 
LLL. 25,00 
0. 2500 
0.0000 Figure 3. Spacings 
on a 20 per cent, 4- 
A B spot uniform raster 
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law (or laws) were known, it should be 
possible to design the resistor networks so 
that the probability of any two lines fall- 
ing closer than some specified minimum 
spacing would be a minimum, and also to 
compute that probability. 

Even with the assumption of normal 
distribution, for which there is little 
justification, this has proved too difficult 
but the problem of equalizing the prob- 
ability that no two lines will be separated 
by less than the specified minimum has 
been solved for the case of normal dis- 
tribution. There is some reason to be- 
lieve that the raster of minimum prob- 
ability would differ but little from that of 
uniform probability. 

Only the case where all the resistors 
have the same standard deviations has 
been worked out in detail. The Scotch 
Plaid raster, which was designed for uni- 
form tolerance, then turns out to be also 
the uniform probability raster, in which 


they! (9) 
£0 


where ¢ is the arbitrary ratio g;/g0. 
If equation 8 is identified with this, 
then 


1+sx 
1—x+2x 


which connects the two approaches. 

As an example, suppose the resistors are 
nominally 1 per cent, and that after use 
we may expect 1 in 10,000 to be more 
than 5 per cent off its nominal value, 
either high or low. Then the probability 
that any two of the lines on a 64-line 
raster designed for 5 per cent tolerance 
will be less than the acceptable minimum 
spacing apart is about 1.8in 10. While 
the normal character of the distribution 
is pure assumption and the 1 in 10,000 a 
pure guess, there is some assurance that 
if 1 per cent resistors are used in a de- 
flection generator designed for 5 per cent 
tolerance there will be trouble only when 
some resistor fails completely. 


Conclusions 


By replacing the uniform line spacing 
of the uniform raster by the uniform 
minimum spacing of the Scotch Plaid 
raster, marked advantages result. These 
advantages should contribute materially 
to satisfying the stringent reliability re- 
quirements of large scale electronic com- 
puters. 

The preceding analysis is for the circuit 
of Figure 2. Similar equations and ad- 
vantages can be obtained for the circuit of 
Figure 7 which uses single-throw switches. 
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Appendix |. Theory of the 
Minimum Tolerance Raster 


The output of the circuit shown in Fig- 
ure 2 is 


(10) 


where the g; are the conductances connected 
to the unit potential side, and resistors are 
used. 

The normalized deflection where go is 
connected to 1 and all the other conduct- 
ances to zero is 


(11) 


In this equation g; may take any value 
between the tolerance limits g(1+<x;) and 
gi(1—x;). The normalized deflection will 
be a minimum when g is a minimum and all 
the other conductances have their maxi- 
mum values. Let x; be the fractional toler- 
ance of the ith conductance and so; the 


minimum separation between lines 0 and 1. 
Then 


gol 1—xo) 


=So1 (12) 


n-—1 


> g(1+21)—2gox0 
° 


Similarly the separation between lines 1 
and 2 is a minimum when g, is a minimum 


Table | 
Limit of the Ratio 
Number of of Resistor 
Resistors Tolerances for 
in Each Number Number Perfect Resistors 
Deflection of of Scotch Plaid/ 
Circuit Lines Spots Uniform 
Baw ciaette cia je RARE Bice 1.50 
So sCAe aes SAE 2.33 
A xo a oie DEAN i incor 4.0 3.75 
Boa sae RRP he ae aa 6.20 
Ee ee Cio. = eae 10.50 
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linear 
size of  rasters r 
30% X with equal mini- oS 10 15 20 25 30% “ea 
mum spacing Resistor Tolerance 
and all other conductances have their For a uniform tolerance, x, this becomes 
Maximum values. Hence me F: 
fee Sx > 
er af Ee 0 
al 1) = aol st bey (13) 80 1—x+2sx 


D> gl +x1)—2g.01 
0 


where sj. is the minimum separation of lines 
1 and 2. 

The minimum separation between line 
number (2*—1) and line number (2*) is 


por 
gy(1—x,)— oe gi(1+2;) 
0 
m1 = S (9k —1) ak (14) 
Dd gl +1) —2gyxr, 
0 

The Scotch Plaid raster requires that 

S01 =Si2=.. . - =S(gk—1)gk=S (15) 


Putting equation 15 into equation 14 and 
rearranging, there results 


n—1 


s >) (1 +21)—2sg,x,=2,(1—x,)— 
0 


k-1 


>> (lta) (16) 
0 


If in this (k—1) be written for k and the 
result subtracted from equation 16, then 


2584 1% 41 — 258%, = 8,4(1—x,) —2gy_y (17) 
from which 

g ee eile eee 

kg k-1 (18) 
gr 1—x,+2sx, 
and hence 

k 

2y 1+sx;- 
ee eee tee | (19) 
20 1, 1—x;+2sx, 


Figure 7. A current adding 
deflection circuit 
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Substituting equation 20 in equation 12 
we obtain a relationship between s and x 


1—x 
2” ((1+sx)/(1—x+2sx)]?—-1 
2((1+sx)/(1—x+2sx)]—1 
(21) 


which may be reduced to the explicit form 


5 


(1+2) 


name 
eer sey ee 22 
* s+-Sd—25) Sart 


where 


1 
cS, -(*); 
QNGSS: 


The corresponding formula for the uni- 
form raster is 


DN C-theert 
 (2"—i)—s 


(23) 


Xu (24) 
where s is the specified minimum spacing and 
xy is the corresponding tolerance in the re- 
sistors. 

Equation (22) is plotted in Figures 8(A) 


and 8(B). It may be shown that 
en peasy f 
Limit (2)-7 . ee (25) 
1 Xy n 
“ony 


This is the tolerance ratio for very good re- 
sistors. 

From the equations given all the curves 
were computed. 
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Appendix Il. Theory of the 
Uniform Probability Raster 


If it be assumed that, after being used for 
some time, the resistor values are dis- 
tributed normally about their nominal 
values then the probability that no separa- 
tion will be less than some acceptable 
minimum, s, may be found. 

The separation between the (2*—1)th 
line and the 2"th line is 


k-1 E—1} 
Se— Dit ee DBM 
s,= . : (26) 


n—1 


ay 
Digit Do gers 
0 0 


where the g; are the nominal values and the 
x;, the per unit errors, are normal variables 
having a mean of zero. 

Therefore, s,2s if, and only if, 


Kk-1 


(1+s) 0 ger t+ (s— Logue t+ 
0 


n—1 k-1 n—1 
sd) eeidSe,— Li ai-s og (27) 
K+ 0 0 


The left-hand side of equation 27 is a 
normal variable having a mean value of 
zero. The probability that it does not 
exceed the right hand side is 


1 ae 


eS \/ on 


where 


ea 
2 du (28) 


€ 
—© 


uUo= 
k=1 n—1 
£i- Doki Ss owt 
0 0 
k—1 


yoy gion? +(1—s)?g,?0,?7+ 
0 


n—1 
s? Se gio? (29) 


k+1 


and where gj; is the standard deviation of the 
ith resistor. 

While it would be possible to obtain 
numerical results using different values of o4 
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Figure 8(B. right). °° 

The same as Fig- 

ure 8(A) but with 

a magnified s- 0 
scale 


for each resistor, only the case of equal 


deviations, oo=o1=....o0n-1=0, will be 
discussed. Then 
ouy = 
k-—1 %—1 
Se—- dBi Dy Bt 
0 0 rd 
k—1 n—1 
yrt29 Dd, gP®+(1—2s)g,.2+5? > gy? 
0 0 
(30) 


The probability of failure will be equal at 
all points of the raster when p and w are 
independent of k. 

It is necessary, therefore, to solve the set 
of 2 simultaneous equations obtained from 
equation 30 by putting k=0, 1...2—1, for 
the g;. Since only the ratios of the g; are 
involved in equation 30 there will be no loss 
in generality in putting g=1. (The abso- 
lute values will be determined from other 
considerations. ) 

One solution of the 7 equations is 


=" (31) 
where 
1 n—1 
r=1+— and K=s)) gi. (32) 
K 0 


To prove this, write equation 30 as 
| k-1 
(ou (+20) De+( —25)e + 
| 0 


k=1 2 
-|e- SS aK] (33) 
0 
where 


n—l 


Ki=s*?)> gi? 
0 


Writing k—1 for k in this and subtracting, 
there results 


(ou)? [(1+2s)g,1?+ 
(1—2s)(¢,?—g,-1")] 


k—2 
=e? 2-2 atk) | (34) 
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or 
o,2 

(ou (1-29) +46 | 

Sk-1 Sr-1 Sk 


Now put gx/ge-1=7r, Qo=1, then 


(35) 


k—2 


i pty 
ge=1-+r+....+7r° *=——_— 
r—1l 


0 


and hence 


» , 2 tee tees 
gitkK =i ( eazy +x) 


(37) 


(«-)] 0 


Thus & vanishes from the equation for r if 


| ered 
a ye 


r—1 


1 1 
k= or ral+s (39) 


Tr 


Equation 85 then becomes the cubic in r 


(ouo?) ((1 —2s)r?+45] = (r=ay(r- Re ) 
r—l 


(40) 


which gives three values for r when (oto) 
and s are given, 

By plotting the two sides of equation 40, 
or by using Descarte’s rule of signs we find 
that one root is less than —1, one lies be- 
tween 1 and 2 and the third is greater than 2. 

The negative root has no physical sig- 
nificance, requiring negative resistors. The 
root between 1 and 2 leads to an interlaced 
raster, the conditions for which are not part 
of this analysis. It follows that only the 
root greater than 2 is of practical impor- 
tance, and this is the Scotch Plaid raster for 
uniform tolerance. There may, of course, 
be solutions of the » equations other than 
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Figure 9 (left). The ratio of 
the conductances 9;/9g.—l=r 


for the various minimum spac- 
ings and number of lines 


Figure 10 (above). Photo- 


2.05 


2.00 
-050 


.075 
Minimum Spacing 


the three found but they would not give 
conductances in geometric ratio. No such 
solutions have been found. 

The value of s for a given 7 is easily 
obtained from 


n—1l 
ry? —] 1 
K=s ==5 =——= 41 
» vf rat pel ey) 
0 
whence 
: 2 
ic 
r’—1 fo) 


The following design procedure can now 
be laid down: 


1. Select a reasonable value of 7 (2.1, 
22) 


Ze Compitter | irt= fue (Loppers) 
3. Compute 
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graph of an actual Scotch Plaid 


raster. The halation is due to 
s reflected light. Raster is 
Hey approximately 11!/. inches 


square on the tube face 


4. Compute 
n—1 
) rer 
v= 5 
r-—1 
0 
5. Compute 
1 
s= 
r”—1 
6. Compute 
n—1 
1-s)) a 
he 


n—1 


1—2s+s? )> gi? 
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7. Given a value for ¢, compute uo. 4 
8. Compute 


1 i ie 
(=a 2du 
P gape 


This is the probability of a success, (1—) 
is the probability of a raster failure due to 
the 2*th and (2*—1)th lines. The total 
probability of failure is (n—1)p”-*(1—)), 
which is not significantly different from 
(n—1)(1—). 4, 

Equation 42 is plotted in Figure 9 for 
values of m from 3 to 6. 

The relationship between the uniform 
tolerance and the uniform probability view- 
points is 


1+sx 1 
fee, ee (43) 
£e-1 1—x+2sx r—] 

From these 
a 
oe r—2 a, 1+s (44) 
r—2rs+2s Ss 


The last is just twice the S, of equation 
23, the first of equation 44 then becomes 


Sn 


*~ FF SA(1—25) oe, 


which is exactly equation 22. 
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Method for the Determination of 
Hysteresis Loop Area 


W. B. CONOVER 
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METHOD for finding the area of a 
hysteresis loop is described below. 
While somewhat less accurate than con- 
ventional methods,! it is more rapid and 
convenient, and requires no special equip- 
ment. It can be applied directly to loops 
on the screen of a cathode ray oscilloscope 
without the intervening process of photog- 
raphy or manual tracing. 

The procedure will be referred to as the 
harmonic method, since its derivation is 
based on a consideration of the harmonic 
components which determine the shape of 
the loop. 

Figure 1 shows a typical hysteresis 


' loop for magnetic sheet steel such as may 


be obtained by either d-c or a-c measure- 
ments made by standard methods. It 
represents the values of flux density B 
corresponding to the magnetizing force H 
as the steel is taken through a complete 
cycle of magnetization and demagnetiza- 
tion. The energy loss per unit core 
volume per cycle is proportional to the 
area enclosed by the loop, The maxi- 
mum flux density is B,,. The horizontal 
thickness of the loop is indicated by H, 
with a subscript indicating the value of B 
at which the thickness is measured. The 
energy loss represented by the loop 
can be determined by the following equa- 
tion, which is derived in the Appendix: 


=; (Hot /3H + Hess) Bm X 10-8 


joules per cubic inch per cycle (1) 
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where 


Bm=maximum flux density in lines per 
square inch, and Ao, Hoo, HAss..= 
widths of loop in ampere-turns per 
inch. 


If B,, and H are expressed in Gausses 
and Oersteds, respectively, the right-hand 
side of the equation must be divided by 
0.47, Using these units and expressing 
W in ergs per cubic centimeter per cycle, 
equation 1 becomes 


i 
Wa, (Hot V3H 0+ He6.6) Bm ergs per 


cubic centimeter per cycle (1A) 


The harmonic method is applicable only 
to closed curves whose negative half is 
symmetrical to the positive half reversed; 
therefore it cannot be used on incremental 
hysteresis loops. 


Accuracy 


The harmonic method for determining 
the area of a loop is based on the assump- 
tion that only the first, third, and fifth 
harmonics of exciting current are signifi- 
cant in their contribution to those loop 
dimensions which determine area. This 
assumption appears to be reasonable for 
most hysteresis loops encountered in prac- 
tice. To test this, the areas of typical 
a-c and d-c loops for Deltamax, Nicaloi, 


Figure 1. Typical 
hysteresis loop 
showing the three 


width measurements, 
Ho, Hso, and Hess, 
required to deter- 
mine its area by the 
harmonic method 


-B 
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and transformer grade silicon steel were 
measured by the harmonic method and by 
planimeter. Flux densities of the loops 
tested ranged from low densities to satura- 
tion. The disagreement between the re- 
sults of the two methods ranged from 
+3.6 per cent to —4.7% for 17 loops, the 
areas as determined by the harmonic 
method averaging 0.7 per cent higher 
than the planimeter measurements. 

The order of accuracy indicated by 
these results is believed to be sufficient 
for many purposes. 
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Appendix. Derivation of 
Harmonic Method 


The hysteresis loop of Figure 1 may be 
described by the parametric equations 


B=By, sit. wt (2) 
H=HA, sin «i+ Ay’ cos wt+ HA; sin 80t+ 
H;! cos 38ut+H, sin 5wt+Hs5’ cos 
bwt+... (3) 


The absence of even harmonics follows 
from the stipulation that the bottom half 
of the loop be symmetrical to the top half 
reversed.” 

The area of the loop is 


A= BdH (4) 


Finding the differential of equation 3 and 
substituting it, along with equation 2, in 
equation 4, gives 


A =wBmH, f sin wt cos wldt— 
woBmiHy' J sin? wtdt+3wBmHsX 
JS sin wt cos 8utdt —3uBmHy! X 
JS sin wtsin 8utdt+... (5) 


When the indicated integrations are per- 
formed between the limits of =0 and /=7, 
where T=27/w, all terms become zero ex- 
cept the second, therefore 


A=—oBmlhy' fy’ sin? wtdt= —1Bmth’ (6) 


Equation 6 shows that the area of the loop 
is proportional to the product of Bm and [y’ 
(the minus sign is not significant). There- 
fore if Hy’ can be evaluated, the area of the 
loop may be computed. To accomplish 
this, the values of H will be determined 
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which correspond to B=0, B=0.50Bm and 
B=0.866Bm (The reason for this will be 
apparent later). From equation 2, the 
angles wt at which these values occur are 


wt=0 and 7 radians at B=0 
wt=7/6 and 57/6 radians at B=0.500By, 
wt =1/3 and 27/3 radians at B=0.866Bm. 


Designating the values of H which exist at 
these angles by Hox, Hx, Hw/s, etc., the 
widths of the loop at B=0, B=0.58m, and 
B=0.866Bm are Hy)= Hor —Hx, Hs) = Ha/s— 
Asn /¢, and He.6= Hx /s —Hox/s, respectively. 
Therefore, substituting the appropriate 
values of wt into equation 3 gives 


Ho= Hy, —Hy =H, sin 0+’ cos 0+ 
H; sin 0+H;' cos0O+...— 
Hi, sin r — Hi’ cos r — H;’ sin 384 — 
Hz’ cos3r—... (7) 


Evaluating the trigonometric terms in 
this expression and neglecting harmonics 
above the fifth, yields 


Ho = 2H,' +2H3'+2H,’ (8) 


Repeating this procedure for Hy) and 
He5.4. 


Hy =*~/ 3H! —+/3Hs' (9) 
H5.6 = Hy’ —2H;' +H,’ (10) 


The simultaneous equations 8, 9, and 10 
may now be solved for M,’, with the result 


1 © 
H,’ "ee (Ho+ + 3Hs0-+ Ho0.6) (11) 


When this equation is substituted in equa- 
tion 6 an expression for the area of the loop 
results 


No Discussion 
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wm 


A =; (Hot V/3Hs+ Hs0.c) Bm 1 (12) ” 


It will be noted that thus far in the 
derivation no units have been specified for 
the co-ordinates of the B—H loop. Mathe- 
matically, equation 4 represents the loop 
area in terms of the product of whatever 
units happen to be represented by the 
scales employed for the ordinate and ab- 
scissa of the loop. For example, if a loop 
such as that shown in Figure 1 wete to - 
appear on an uncalibrated oscilloscope, 
direct measurement of the height and the 
appropriate widths in inches, when em- 
ployed in equation 12, would give the area 
in squaie inches. On the other hand, if the 
oscilloscope be calibrated in terms of 
Gausses and Oersteds, respectively, height 
and thickness measurements in these units 
will give the loop area in Gauss-Oersteds. 
The relation between this area and the core 
loss in ergs per cubic centimeter per cycle is 
treated in basic texts? on electricity and 
need not be repeated here; however, it is 
this relation which permits the conversion 
of equation 12, which expresses loop area, 
to equation 1 or 1A, which expresses core 
loss. 
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Long-Duration Surge Testing of 


Lightning A\rresters 


$. B. HOWARD 


MEMBER AIEE 


METHOD of long-duration surge- 

withstand design testing of station- 
type lightning arresters is proposed for 
consideration by the industry. The test 
method involves successive applications 
of a surge having an essentially constant 
magnitude and a duration measured in 
thousands of microseconds. This paper 
discusses the need for such a test, the 
evaluation of the test and the test-circuit 
arrangement required to produce the es- 
sentially rectangular current surge. 

The necessity for lightning arrester 
surge-withstand design tests has long been 
recognized. Since 1944, the lightning 
arrester Standards have specified a 100- 
kiloampere 5 by 10 microsecond dis- 
charge-capacity test for station-type 
lightning arresters.'? Although the pres- 
ent Standard test has been a useful de- 
sign criterion, field measurements show 
that the test is not completely representa- 
tive of lightning discharges through light- 
ning arresters in service. Some surge- 
withstand test at the high-current short- 
duration end of the discharge current 
scale should be retained in the Standards, 
but the actual test values are presently 
under review by industry committees. 

Furthermore, field measurements, field 
experience, and laboratory tests have all 
shown that the present type of high- 
current short-duration surge-withstand 
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test has very little significance in relation 
to the lightning arrester’s ability to with- 
stand lower-current longer-duration dis- 
charges. Accordingly, an additional 
surge-withstand test, such as that dis- 
cussed in this paper, is equally necessary 
for the low-current long-duration region 
of the discharge current scale. 


Arrester Lightning Discharge 
Currents Measured in Service 


Since the middle 1930’s a number of 
direct lightning strokes with low-current 
long-duration components have been re- 
corded.*:4 Numerous investigations of 
lightning arrester discharge currents, 
based on magnetic link measurements, 
have resulted in a vast amount of data on 
discharge-current magnitudes without the 
corresponding wave-shape data.  Ex- 
perience shows that lightning arrester 
failures do not correlate with the magni- 


tude of lightning arrester discharge cur- 
rents. It can be implied that long-dura- 
tion low-current discharges were the prob- 
able cause of most of these failures. 

In the past decade, a limited number of 
lightning arrester discharges have been 
reported, in which both the current dura- 
tion and magnitude were recorded. Such 
a record is Figure 1, reproduced from 
Field Investigations of Lightning by 
Wagner, McCann, and Beck.’ This dis- 
charge had several components of the 
order of 1,000 amperes, lasting from 200 
to more than 2,000 microseconds, with 
superimposed higher-current — shorter- 
duration peaks. Similarly, Figure 2, re- 
produced from Lightning Investigation on 
the West Penn Power System by Bowen 
and Beck,® shows a 10-kiloampere light- 
ning arrester discharge of 200-micro- 
second duration, followed by a substan- 
tially constant 150-ampere component 
lasting for more than 800 microseconds. 
The latter paper also indicates that 2 per 
cent of lightning arrester discharges in 
excess of 50 amperes have durations in 
excess of 1,000 microseconds. 

These and similar data, though limited, 
indicate the need for a test which will dem- 
onstrate the ability of lightning ar- 
resters to withstand multiple low-current 
long-duration discharges resulting from 
lightning. 
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Figure 1. Multiple long-duration lightning discharge through lightning arrester (reproduced 
from Figure 5 of reference 5) 
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Arrester Switching-Surge Discharge 
Currents Measured in Service 


In addition to long-duration lightning 
discharges, lightning arresters are fre- 
quently required to discharge surges re- 
sulting from circuit-breaker restrikes 
when interrupting the charging current of 
transmission lines or cable circuits. In- 
vestigations beginning in the early 1920’s 
have evaluated the overvoltages resulting 
from switching transmission lines.’ Many 
of the recorded overvoltages were of suf- 


ARRESTER VOLTAGE 
Ss 


ficient magnitude to cause lightning ar- 
rester operation. 

Several years ago, some failures oc- 
curred of high-voltage station-type light- 
ning arresters of a now-superseded design. 
Analysis of these cases indicated the 
probability that the failures had been 
caused by severe switching surges pro- 
duced by circuit breaker restriking. 
Subsequently, field oscillographic measure- 
ments were made at two failure locations 
to determine the magnitude and duration 
of the actual switching surges. The re- 


sults confirmed the original analysis. 
Figure 3 is a replot of one of the field-test 
oscillograms. It will be noted that four 
circuit breaker restrikes occurred on suc- 
cessive half cycles of the voltage wave. 
The second restrike initiated lightning ar- 
rester operation, the third and fourth re- 
strikes occurring while the lightning ar- 
rester was still conducting. The last three 
restrikes each produced lightning arrester 
discharge currents of the order of 150 
amperes and 500 microseconds duration, 
followed by a low-current component 
lasting for several thousand microseconds. 
It is interesting to note that, although 
the indicated duty was sufficient to cause 
failure of the original lightning arresters 
at the test location, lightning arresters 
of a more modern design that meets the 
requirement of adequate long-duration 
discharge capacity were proof-tested at 
the same location with the same switching 
surges. These replacements have subse- 
quently demonstrated that they are com- 
pletely adequate for the service duty. 


Figure 3. Lightning arrester voltage and dis- 

charge current resulting from multiple circuit- 

breaker restrikes during switching-surge tests 
on 115-kv transmission line 
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Figure 4. Oscillograms of long-duration surge-withstand test applied to 3-kv 
station-type lightning arrester valve element 


(A) ampere-time, 1st discharge 
(B) ampere-time, 20th discharge 
(C) volt-time, 1st discharge la 


varied 


(D) volt-time, 20th discharge 


The field tests, experience with early 
lightning arrester designs and present 
transmission trends toward higher volt- 
ages and longer lines all point to the need 
for a low-current long-duration surge- 
withstand test for lightning arresters. 
Furthermore, it is important to realize 
that Figure 3 shows three long-duration 
lightning arrester discharges resulting 
from a single circuit breaker operation. 
Other circuit breaker opening tests in the 
same investigation produced as many as 
five lightning arrester discharges per opera- 
tion. Although modern circuit breakers 
have minimized the restrike problem, 
power systems are not yet completely 
equipped with circuit breakers of modern 
design. Accordingly, for switching surges 
as well as for lightning discharges, any 
low-current long-duration surge-with- 
stand test for lightning arresters must 
factor the probability of many successive 
discharges occurring in service. 


Proposed Method of Long-Duration 
Surge-Withstand Testing 


Based upon the limited field data avail- 
able, a type of test which involves ap- 


Figure 5. Schematic diagram of distributed-constant impulse generator 
for production of “rectangular” surges 


L 
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plication of a surge having essentially 
rectangular wave shape and a duration of 
thousands of microseconds appears to be a 
logical approach for evaluation of the 
long-duration surge-withstand ability of 
station-type lightning arresters. 

Since both the lightning and switch- 
ing-surge data indicate the probability 
that the lightning arrester may be called 
upon to discharge several successive 
surges of this nature, the complete test 
should require a number of applications of 
the test surge. In this connection, 
laboratory tests have shown that a light- 
ning arrester which will withstand 20 
discharges of a given magnitude and dura- 
tion would withstand a much larger 
number of discharges of substantially the 
same severity. 

There is no evidence to indicate that a 
lightning arrester will be called upon to 
discharge in rapid succession more than a 
small number of long-duration discharges. 
Moreover, laboratory techniques require 
time between successive applications of a 
test surge, in order to bring the impulse 


(A) 


(B) 


Figure 6. Oscillograms of current discharged from distrib- 

uted-constant generator through station-type lightning ar- 

ester valve-elements, showing effect of valve element resist- 
ance on wave shape of discharge 


Initial-pulse current (/4) and generator surge impedance 
(Z@) held constant; valve-element resistance (R4) at current 


follows: Oscillogram (A), Ra/Zg=58; 
Oscillogram (B), Ra/Z¢=5.4 
generator to full charge. Thus, any 


proposed test method logically should per- 
mit a reasonable interval between suc- 
cessive applications of the test surge. 

Accordingly, it is proposed that the 
long-duration surge-withstand test for 
station-type lightning arresters should 
consist of 20 successive applications of a 
surge having an essentially constant 
magnitude (less than 10 per cent decre- 
ment) maintained for at least 2,000 
microseconds. Successive applications of 
the test surge should be made in five 
groups, each having four surges in rapid 
succession, with intervals between 
groups of not more than 15 minutes. The 
test might be performed on complete 
lightning arrester units or on prorated 
characteristic elements rated 3 kv or 
greater. 

Although experience by others in the 
industry will undoubtedly be necessary 
before standard values can be adopted, it 
is suggested that a test surge having a 
magnitude of 150 amperes and a duration 
of 2,000 microseconds be considered as 


Figure 7. Terminating network to produce single rectangular pulse from 
distributed-constant generator 
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representative of minimum requirements 
for station-type lightning arresters, at 
least for the present. 

Typical volt-time and ampere-time 
oscillograms of the first and twentieth ap- 
plications of such a test surge to a 3-kv 
station lightning arrester valve element 
are shown in Figure 4. 

This type of test surge can readily be 
produced in the laboratory, using an 
impulse generator with distributed con- 
stants. Details of the generator and test 
circuit required to insure uniform severity 
between tests on different valve-element 
materials or with different generator 
parameters are given in the Appendix. 

Service experience over many years 
has been excellent with station-type 
lightning arresters of a modern design, 
which has successfully passed both the 
suggested long-duration surge-withstand 
test and the high-current short-duration 
test required by the present Standards. 
No failures of these lightning arresters 
have been reported to us which were 
traceable to lack of discharge capacity. 
Occasional service failures from long- 
duration lightning or switching surges 
have been experienced with lightning ar- 
resters of other than modern station-type 
design. Laboratory tests on these other 
designs indicated that they would easily 
pass the present Standard high-current 
short-duration surge-withstand test, but 
would not pass the suggested low-current 
long-duration test for station-type light- 
ning arresters. Thus, service experience 
confirmed by laboratory tests both in- 
dicates the need for such a long-duration 
surge-withstand test and also substan- 
tiates the suggested minimum test values. 


Conclusions 


1. Field measurements, field experi- 
ence, and laboratory tests have all shown 
that the present standard high-current 
short-duration surge-withstand test for 
lightning arresters has very little signifi- 
cance with respect to the ability of the 
lightning arrester to withstand lower-cur- 
rent longer-duration dischian ges. 

2. Limited field data have established 
that multiple long-duration discharges 
through lightning arresters occur both 
from lightning and from surges associated 
with switching transmission circuits. 

3. A method for long-duration surge- 
withstand testing of station-type light- 
ning arresters is proposed, and minimum 
values for the test are suggested, based on 
field data, laboratory tests and field ex- 
perience. 

4, The proposed type of long-duration 
test surge can readily be produced in the 
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laboratory, using a distributed-constant 
impulse generator. By proper design ot 
the test circuit, the severity of the test 
can be held constant between tests on 
different valve-element materials or be- 
tween tests with different impulse-gen- 
erator parameters. 


Appendix 


Impulse Generator 


The proposed type of test surge can easily 
be produced in the laboratory by means of 
a distributed-constant impulse generator, 
shown schematically in Figure 5. 

The short circuit rectangular-wave cur- 
rent I produced by such an impulse genera- 
tor was analyzed in 1919 by Carson.§ His 
loaded-cable analysis showed that the initial 
pulse of short circuit current will be of the 
form: 


=——— "4 [Rt/2L] amperes (1) 
/ 


E=voltage to which the generator is charged 
(volts) 

L=inductance per section (microhenrys) 

C=capacitance per section (microfarads) 

R=resistance per section (ohms) 


L/C=generator 
(ohms) 
«— #+/2L — damping factor (¢ in microseconds) 
Io[Rt/2L]=Bessel function describing the 
superimposed oscillation on the ini- 
tial current pulse 


surge impedance =Zg 


The virtual velocity per section is equal to 
1/V LC. This means that the duration of 
the initial current pulse would theoretically 
be: 
T,1=2N V LC microseconds (2) 
where J is the number of generator sections. 
The duration of the essentially constant 


portion of the initial current pulse has been 
found empirically to be: 


T=2(N— WLC microseconds (3) 


The number of generator sections depends 
upon the quantity and rating of the avail- 
able capacitors. 

The decrement of the initial current pulse 
is governed by the damping factor «—##/2L, 
Excessive damping will produce a triangular 
wave shape. To avoid this, and to insure 
production of an essentially rectangular 
wave shape (decrement less than 10 per cent) 
the ratio R/2L for T=2,000 microseconds 
should be approximately 5X10-5. It has 
been empirically found that the resistance R 
per generator section includes both the 
series coil resistance and the effective series 
capacitor resistance. The magnitude of the 
latter can be reduced by paralleling several 
capacitors, which also has the desirable ef- 
fect of reducing generator surge impedance 
and the number of sections required for the 
2,000-microsecond surge. 

The magnitude of the superimposed 
oscillation on the current pulse can be re- 
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duced by increasing the terminating induct- 
ance from L/2 to L (see Figure 5), with 
some resultant increase in the time-to-crest 
and time-to-virtual-zero of the current pulse. 


Terminating Impedance 


The short-circuit current output of the 
generator would, of course, consist of a 
series of rectangular current pulses of the 
type described but alternating in polarity. 
When ‘the short circuit is replaced by’a 
terminating impedance equal to or greater 
than the generator surge impedance, the 
current pulses will all be of the same polar- 
ity. 

Typical discharges from the distributed- 
constant generator through station-arrester 
valve elements are shown in Figure 6. The 
percentage decrease in current from the 
initial pulse to the second and subsequent 
pulses is a function of the ratio between 
valve-element resistance and generator 
surge impedance. 

It is obvious from the oscillograms of 
Figure 6 that different valve-element resist- 
ances can result in discharges of varying 
severity, assuming a constant valve-element 
current and constant Zg. The higher the 
ratio R4/Zg, the smaller the drop in current 
between pulses and the greater the effective 
duration of the discharge. Constant sever- 
ity for tests on different valve materials can 
best be assured by utilizing only the initial 
current pulse. 

This can be accomplished by the use of 
an over-all terminating impedance equal to 
the generator surge impedance. A conveni- 
ent terminating network is shown in Figure 
7. Here, the terminating impedance is: 


Rx(RatRs) 

a LF 4 
* Rxt+RatRs 
where 


Ra=valve-element resistance (ohms) at 

initial pulse current 74 (amperes) 
Rg=measurement shunt resistance (ohms) 
Rx =parallel loading resistance (ohms) 


Solving equation 4 for Rx, we have 


_ Ze( Rat Rs) 


Ry= = 
Rat+Rs—Ze 


(5) 


which enables calculations of Rx from the 
known valve-element characteristics and 
surge-generator parameters. The required 
generator charging voltage (volts) is: 


E=Ip(Zo+Rr) =214(Rat+Rs) (6) 


when Jr =total generator current (amperes, 
reference Figure 7). 

Thus, with a properly designed surge 
generator and terminating network, the 
discharge current through the valve-element 
material will become a single pulse, of value 
I4, maintained essentially constant for a 
time controlled by the generator parameters 
and then -dropping abruptly to zero, as 
shown in Figure 4. 
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Discussion 


J. W. Kalb (Ohio Brass Company, Barber- 
ton, Ohio): Messrs. Howard, Carpenter and 
Schwartz are probably correct in saying that 
the present high current discharge capacity 
test of 100,000 amperes is of limited sig- 
nificance in judging the ability of a lightning 
arrester for station use to withstand service 
conditions. Actually, the limited field data 
made available on the nature of discharges 
through lightning arresters in stations have 
shown that the surges capable of damaging 
the lightning arresters have been of a long 
duration nature. Considering these data, it 
is somewhat surprising that some sort of 
long duration test has not been proposed 
before, and those associated with the trans- 
mission and distribution of electric power 
should welcome the proposal of such a test. 

It is unfortunate that equipment used to 
measure impulse wave shapes requires the 
expenditure of so much money and attention 
compared with the simple instruments used 
to measure crest current only. Otherwise 
the nature and severity of the longer dura- 
tion surges would be better known. It 
would seem, though, that none of the three 
field records presented in the paper sub- 
stantiate the rectangular wave shape pro- 
posed. 

The discharges shown in Figures 1, 2, and 
3 of the paper might better be approxi- 
mated by using test circuits of lumped 
rather than distributed constants. As the 
authors say, the distributed constant gen- 
erator is easily enough constructed. For 
example, that of our laboratory is of 48 pi 
sections, and the proposed test wave (Figure 
4 of the paper) was easily duplicated. How- 
ever, to approximate the wave shapes of the 
field record shown in Figure 3, it was neces- 
sary to charge the distributed constant gen- 
erator not by a conventional rectifier circuit 
but from the regular duty cycle testing 
transformer through a restriking air gap. 
This, of course, is nothing more than a low- 
voltage approximation of actual field switch- 
ing conditions. 

To suggest this complicated testing pro- 
cedure as part of lightning arrester stand- 
ards would rightly be considered im- 
practical because of the difficulty in dupli- 
cating conditions between various labora- 
tories. However, each half cycle of the 
discharge shown in Figure 3 could be ap- 
proximated by discharging the lumped 
capacity of an impulse generator through a 
resistance. I believe the resulting exponen- 
tial current wave would resemble the waves 
of Figure 3 closer than the rectangular 
wave. 

The long duration components of Figures 
1 and 2 of the paper could be well approxi- 
mated by lumped inductance and resistance 
in series with the impulse generator capacity, 
and this type of circuit would also more 
suitably approximate the switching surge 
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currents of Figure 3 than would the dis- 
tributed constant impulse generator. 

The test proposed does not include any 
60-cycle power voltage. It is true that a 
power transformer in parallel with the light- 
ning arrester would reduce the severity of 
the long duration lightning arrester current. 
On the other hand, the presence of the ener- 
gized transformer across the lightning arres- 
ter imposes other duties perhaps equally 
severe. This condition rather than that of 
the unenergized lightning arrester probably 
predominates under service conditions. It 
has been our experience that the relative 
performance of different lightning arrester 
elements is not the same for long duration 
discharges with and without power fre- 
quency voltage applied. It is misleading, 
therefore, to base the long duration dis- 
charge strength of a lightning arrester only 
on its ability to withstand surges without 
power voltage applied. Regardless of the 
current magnitude and wave shape chosen 
for such a test, an additional test incor- 
porating combined long duration impulse 
and power voltage such as that proposed in 
an AIEE paper by Edward Beck! should 
also be part of the standards if either such 
test is to have significance. 

Messrs. Howard, Carpenter and Schwartz 
have proposed a valuable and necessary ad- 
dition to present lightning arrester stand- 
ards. Weshould be sure that full advantage 
is taken of this proposal, and that the result 
is not just another test of little more sig- 
nificance than the existing 100,000-ampere 
discharge test. 
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H. L. Rorden (Bonneville Power Adminis- 
tration, Portland, Oreg.): Since lightning 
arresters have become of increasing im- 
portance in the application of reduced in- 
sulation levels, it is desirable that the user 
have complete information on lightning 
arrester performance characteristics in order 
that they may be properly applied. The 
paper by Messrs. Howard, Carpenter, and 
Schwartz indicates that it would be desirable 
to consider revision of national standards in 
order that the user may request tests with 
surges of long duration, if such tests are 
equivalent to surges that may be expected in 
service. 

It has been the experience of the Bonne- 
ville Power Administration that lightning 
arrester failures usually occur from dynamic 
overvoltages not associated with lightning. 
It is our belief that the most common causes 
of lightning arrester failures are: 


1. Dynamic overvoltages of short dura- 


tion but of high enough magnitude to flash - 


over the arrester series gaps, or 
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2. Dynamic overvoltages of relatively 
long duration which do not flash over the 
series gaps but which result in excessive 
heating of the lightning arrester blocks. 


In this paper a long duration test is pro- 
posed to simulate the ability of a lightning 
arrester to withstand switching surges. We 
would appreciate the authors’ comments 
relative to probability of lightning arrester 
failure from dynamic transients that exceed 
the lightning arrester rating but are not of 
sufficient magnitude to flash over the series 
gaps. It would be helpful to the system de- 
signer to know the degree of risk involved 
from heating the lightning arrester blocks as 
well as the possibility of failure from surges 
of high enough magnitude to flash over the 
lightning arrester gaps. Would the authors 
perhaps be willing to advocate a test of this 
type also for possible inclusion in standards? 


H. A. Cornelius (Public Service Company of 
Northern Illinois, Chicago, Ill.): Since ex- 
perience and laboratory tests have shown 
that the 100,000 and 65,000 ampere, 5 X 10 
current wave tests, applied to valve type 
lightning arresters as a duty cycle test, have 
very little significance, modification of the 
present standards as suggested in the paper 
is certainly in order. However, since light- 
ning currents may be imposed on all types of 
lightning arresters, any change made in the 
standards, in regard to the duty cycle, 
should apply to line and distribution types 
as well as to the station type. i. 

The use of a square 150-ampere current 
wave having practically a flat top for 2,000 
microseconds is suggested as a new test 
wave which would be applied 20 times to con- 
stitute a duty cycle test. Is there any par- 
ticular reason for using 150 amperes? If 
not, why not use the 300-crest ampere low- 
current surge and 2,000 microsecond full- 
wave duration which has been standard 
European test practice for some time? This 
would subject the nonlinear value element 
to a more severe test. 

A point which was not covered in the 
paper is whether or not a 60-cycle power 
follow current source would be connected to 
the lightning arrester while the proposed 
low current long duration was in progress. 

Also, it seems desirable to have a high- 
current short-duration duty cycle test as 
well as the proposed low-current, long-dura- 
tion test. For example, a 5-microsecond 
front, 40-microsecond half-tail current wave 
having a crest current of 5,000 or 10,000 
amperes would be desirable, in place of the 
present 5 X 10-microsecond, 100,000-ampere 
crest wave used in the present standard duty 
cycle test. 


S. B. Howard: The authors wish to thank 
the several discussors of the paper for their 
interesting comments. In reply to the 
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points raised by Mr. Kalb, we have made 
long-duration surge-withstand tests for 
several years in connection with the design 
tests of our lightning arresters. These 
earlier tests were made with the lumped- 
constant type of test circuit and were 
reasonably satisfactory as an arbitrary test 
in a single laboratory. 

However, the difficulty of specifying the 
test discharge current with precision and the 
uneconomical use of impulse-generator ca- 
pacitance makes the lumped-constant ap- 
proach undesirable as a standard industry 
test. Similarly, while we agree that com- 
bined long-duration-impulse and power 
duty-cycle tests would be desirable, it does 
not appear practical at the present state of 
the art to specify such a test in a manner 
that would permit different laboratories to 
obtain equivalent results. On the other 
hand, Mr. Kalb mentions that our proposed 
rectangular 2,000 microsecond surge was 
easily duplicated in his laboratory. 

The acid test of any proposal, of course, is 
service experience. As mentioned in our 
paper, occasional service failures from long- 
duration-lightning or switching surges have 
been experienced with arresters that would 
not pass the proposed long-duration surge 
withstand test, while no such failures have 
been reported on lightning arresters that 
would pass the preposed test. 

Replying to Mr. Rorden, there is no ques- 
tion that lightning arresters can be dam- 
aged or destroyed by operation with higher 
than maximum-rated dynamic (power fre- 
quency) voltage appearing across their 
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terminals. However, such an occurrence 
generally connotes incorrect lightning arres- 
ter application procedure, since the lightning 
arrester rating should have been chosen to 
match the highest dynamic voltage ex- 
pected from line to ground under any con- 
dition of system operation—normal or ab- 
normal, including faults or load rejection. 
Our experience indicates that, even if the 
dynamic overvoltage is above lightning 
arrester rating but below lightning arrester 
gap sparkover, such system overvoltages 
are usually accompanied by switching or 
lightning transients that will produce gap 
sparkover with consequent damage to the 
valve element from continued excessive 
power-follow current. With regard to 
standard tests, the lightning arrester volt- 
age rating (which is, incidently, a maximum 
rating rather than a nominal one) is estab- 
lished by the power duty-cycle tests already 
embodied in the Standards and should not 
require further amplification. 

Mr. Cornelius has raised’a valid point in 
suggesting the application of a long-dura- 
tion surge-withstand test to line and dis- 
tribution lightning arresters as well as to 
station-type lightning arresters. The huge 
per-unit investment and importance to 
service continuity inherent in large station 
power apparatus makes it absolutely im- 
perative that the station-type lightning 
arrester have the utmost reliability for all 
service conditions. Hence, it was logical to 
concentrate on the station-type lightning 
arrester for the first proposal in long-dura- 
tion surge-withstand testing. Doubtless a 
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HW 
similar test, scaled to the economic balance 
between cost and reliability suitable for line 
and distribution lightning arresters, will be 
eventually considered for inclusion in the 
Standards applicable to those types of ar- 
resters. 

With regard to the value of crest current 
for the proposed 2,000-microsecond test for 
station-type lightning arresters, we sug- 


gested in the paper that experience by 


others in the industry would undoubtedly be 
necessary before standard values could be 
adopted. However, our own service ex- 
perience, mentioned earlier, lends consider- 
able support to the 150-ampere value. Inci- 
dently, the long-duration test mentioned by 
Mr. Cornelius as being European practice is 
believed to be an exponentially-shaped dis- 
charge of 300-amperes crest current, about 
100 microseconds to crest and 1,000 micro- 
seconds to half value on the tail of the wave. 
Our laboratory tests indicate this to be less 
severe than the 150-ampere 2,000-micro- 
second rectangular surge proposed in our 
paper. 

Finally, we wish to reiterate that we be- 
lieve some high-current, short-duration im- 
pulse withstand test should be retained in 
the lightning arrester Standards, but we are 
glad to note the interest of industry groups 
in reviewing the test values to bring them 
more into line with service requirements. 
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Synopsis: Accepted grounding methods 
have been modified for use in areas having 
difficult grounding conditions. Satisfactory 
transmission line grounding in rocky areas is 
obtained economically where the improved 
methods are followed. Long rods are ef- 
fective in reducing distribution neutral 
voltages to an acceptable sustained maxi- 
mum of 15 volts, which introduces a negli- 
gible hazard. 

Measurements taken on an air-switch in- 
stallation showed the superiority, over that 
with rods alone, of a grounding arrangement 
incorporating a mat or grid. On the basis 
of these tests, it is proposed to use such a 
mat to control the potentials possible be- 
tween switch handle and ground. Personnel 
and equipment at generating stations under 
construction are protected from fault cur- 
rents by connecting all equipment on the 
ungrounded distribution system to a com- 
mon metallic circuit. Ground detectors are 
used if this arrangement is not practical. 
Completed stations are safely grounded 
both for power-frequency system faults and 
lightning surges. In most instances, sepa- 
rate grounding arrangements are necessary 
for each type of installation. 


HE IMPORTANCE of adequate 

grounding to the operation and safety 
of transmission and distribution systems 
isrecognized byallutilities. Basic ground- 
ing principles have been evolved which 
are applied in various degrees by different 
organizations to meet their particular 
needs. Although generally accepted 
grounding methods are employed by The 
Hydro-Electric Power Commission of 
Ontario, special methods and techniques 
have been developed for use where diffi- 
cult grounding conditions are encoun- 
tered. 

In parts of Southern Ontario good 
grounding conditions exist; farther north, 
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sand and gravel predominate. In Central 
and Northern Ontario, high rock ridges 
with little or no overburden offer no con- 
venient means for grounding. The val- 
leys between ridges are usually sand or 
swamp with sand bottom. Where sand 
or soil does exist it is often found in 
isolated pockets not connected in any way 
with other soil areas. 

Although 10-foot ground rods are used 
in areas having low-resistivity soil at or 
near ground surface, much longer rods 
have proved to be very effective and 
economical in obtaining satisfactory 
grounds where sand or gravel overlie 
material of better conductivity. Figure 1 
illustrates, for some typical installations, 
marked reductions in resistance as rod 
length is increased. In some locations 
with deep overburden, long rods do not 
have resistances low enough to provide 
adequate grounding; in other locations, 
overburden is nonexistent and other 
means of grounding must be employed. 

Transmission and distribution ground- 
ing are treated in separate sections. Air- 
switch and generating-station grounding 
require separate consideration, and are 
described in two shorter sections. A 
knowledge of materials and equipment 
used by the Commission is necessary for 
an appreciation of the grounding methods 
employed, 


Grounding Materials and Equipment 


The standard ground rod is a 10-foot 
length of 3/4-inch diameter medium steel 
having a point drawn on one end and the 
other end galvanized for 18 inches. 

In some areas where the resistances of 
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10-foot rods were too high, additional 10- 
foot sections were welded on existing rods 
to produce 20-foot ground rods. Results 
from these units were so promising that 
commercially available extension rods 
with threaded couplings were used. In- 
creased experience with these indicated 
that a harder-tip on the first section would 
not only increase the rate of driving but 
also would permit penetration of hard-pan 
and shale to make use of underlying low- 
resistivity strata. 

The first improvement in driving tips 
consisted of case-hardening the ends of 
standard pointed sections previously 
used. In using this method, two types of 
10-foot rods were required, point sections 
threaded at one end and extension sec- 
tions threaded at each end. To eliminate 
these two types of rods, threaded 
hardened steel tips approximately 5 
inches in length were developed. Asa re- 
sult of field tests in summer and winter 
weather, a tip hardness of Rockwell C 30 
to 40 was selected as the optimum. 

Extensive field use of these rods re- 
vealed several disadvantages in threaded 
couplings and tips. Even with precau- 
tions it was found that corrosion of the 
threaded ends occurred during storage; 
normal shipment often resulted in dam- 
age to the threaded ends; in field use it 
was often necessary to clean out the 
threads on couplings, tips, and rods; 
and an appreciable delay resulted from 
the time consumed in connecting exten- 
sion sections together. 

In conjunction with the Hayes Steel 
Products Ltd., Merriton, Ontario, a 
simplified tapered coupling similar to that 
used for rock drills was developed for 
ground rods. Tests on rods applying this 
method of coupling showed that the 
joints were mechanically strong and pro- 
duced better electrical contact between 
sections than did the threaded couplings. 
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Figure 1. Reduction of measured rod resist- 
ance with increasing depth. Curves A and B 
are for rods in areas having poor grounding 
conditions. Curve A shows the effect of low- 
resistivity material beyond a 50-foot depth. 
Curves C and D illustrate the reduction in rod 
resistance in areas where grounding conditions 
are good 


During the past year approximately 
10,000 rods of this design were used with 
most satisfactory results. Figure 2 
shows the present design of rod end- 
taper, coupling, and tip. 

Recent corrosion studies of ferrous 
metals in Ontario soils have shown that in 
general, galvanizing of any part of ground 
rods is unnecessary. Although end- 
galvanizing of standard 10-foot rods has 
not yet been discontinued, no plating is 
used on extension rods, couplings, or 
tips. 

The standard ground rod clamp is made 
of steel. Since the clamp should function 
as a low-resistance permanent connection 
from ground wire to rod, it is heavily 
galvanized. In addition, the clamping 
bolt has a hollow end so that pressure 
over the small contact area is high. 
Figure 3 illustrates this galvanized steel 
U-clamp. 

Ground rods are driven both by hand 
and by machine, practically all distribu- 
tion grounding being by hand with a pipe 
driver which permits convenient driving 
from waist height. Extension ground 
rods are invariably driven by mechanical 
means, gasoline, air, and electric hammers 
all having been used. Because of port- 
ability considerations, the gasoline ham- 
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mer has been adopted for general use. 

Counterpoise is used where ground rods 
cannot be driven because of extensive 
rock outcrops. Counterpoise conductors 
are of number 5 B and S soft galvanized 
iron. This has recently replaced copper 
which because of its greater value, was 
often pilfered. Splices in counterpoise 
conductors are made with compression 
joints. 

Two types of plough were developed to 
facilitate the rapid laying of counterpoise. 
One, a modified root cutting plough, is 
used on cultivated land without rock or 
steep hills. The other is made from a 
bull-dozer by substituting a plough for 
the blade. This second type, being more 
rugged, is not stopped by obstacles such as 
small boulders and fallen logs. Figure 4 
shows the larger plough in field trials. 


Transmission Line Grounding 


Since hydro-electric generating sta- 
tions in Ontario usually are in rocky areas 
remote from load-centers, long trans- 
mission lines passing through districts 
where grounding is difficult are common. 
The approximate mileage of transmission 
lines of various voltage ratings is as fol- 
lows: 


DSOMCW ere tasera/srejateiieuse pete et tehotete react o-s 2,200 miles 
LUDIKVA enieleies/ tat atnetnlceh oie ete tite. On OOO MES: 
QO OL US EV. ete scien -teseretrsyan tne ea oe terers 5,000 miles 


Security against lightning outages de- 
pends, amongst other factors, on the 
ground resistance of each line structure. 
On more important Commission lines, 
satisfactory service is achieved when out- 
ages are less than 0.5 per 100 circuit miles 
per year. 

An analysis of records for three parallel 
200-mile lines illustrates the effect of 
ground resistance on lightning outages. 
These lines conveniently divide into high- 
resistance and low-resistance sections. 
Total lightning outages per 100 circuit 


Table |. 


TAPERED ROD 


gig 


Figure 2. Coupling and hardened tip for use 
with sectional rod having tapered ends as 
shown 


miles per year over 20 years were 2.4 in 
the high-resistance section and 1.0 in the 
low-resistance section. A similar analysis 
of records for a 280-mile line traversing 
the same general area but having im- 
proved grounding and reduced shielding 
angle shows a further reduction in outages 
to 0.25 per 100 circuit miles per year. 

Outage summaries for these lines appear 
in Table I. Figure 5 graphically illustrates 
the effect of ground resistance on the fre- 
quency and location of lightning out- 
ages. 


GROUNDING ARRANGEMENTS FOR 
LIGHTNING PROTECTION 


Transmission structure grounding for 
protection against lightning should make 
use of a ground circuit having low im- 
pedance to steep wave-front surges. 
Ground rods up to 100 feet in length have 
inductances which are negligible in their 
effect on lightning discharges, and thus are 
satisfactory if their resistances to ground 
are small. However, the surge impedance 
of a single conductor buried in soil of 


Comparative Outages Due to Lightning For Two 230-Kv Lines In The Same General 


Lightning Areas 


Chats Falls to Leaside (3 Lines) 


Beauharnois 
Eastern Portion Western Portion, Complete to Leaside 
High Resistance Low Resistance Line (1 Line) 
Total lightning outages per 100 circuit 
miles"percyear, (te sence en ee 2.4 d 1.0 ers 
Total located lightning outages per 100 
circuit miles per year................ 1.6 0.6 p ie | 
Circuit mile years of operation........... 5,180 6,120 11,300 


Type of construction 
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Figure 3. Ground rod clamp of galvanized 
steel. Hollow end clamping bolt ensures 
reliable electric connections 


moderate to high resistivity probably lies 
between 150 and 300 ohms regardless of 
its termination. Conductor and _ ter- 
mination effective impedance to a surge 
decreases from this value to the measured 
value, or even less, in a time which de- 
pends primarily on conductor length and 
secondly on soil resistivity. If the con- 
ductor length is greater than 200 feet, 
this impedance may decrease too slowly 
to prevent a flashover. 

Additional conductors physically sepa- 
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rated from, but connected at the struc- 
ture to each other have a surge impedance 
less than that of a single conductor. Four 
leads will have a value of about 35 to 75 
ohms. If more than four are installed, 
the full benefit of each is not achieved be- 
cause of mutual coupling. This arrange- 
ment of four nonterminated conductors is 
commonly known as a crowfoot. 

When a grounding conductor is ter- 
minated on a resistance greater than its 
surge impedance, a positive voltage re- 
flection returns from the termination to 
add to that portion of the surge voltage 
still present, and may result in flashover 
of insulation. For this reason, no ground- 
ing conductor, including those of a crow- 
foot, is terminated except on an electrode 
with measured resistance less thau 150 
ohms, 

Where no satisfactory termination for 
a crowfoot lead can be found before it 
meets that of the next structure, the 
leads are joined, and continuous counter- 
poise is the result. 

Structure ground resistances of 15 ohms 
have resulted in line service with few 
lightning outages. However, no single 
maximum value can be defined for all line 
structures. It is well known that further 
reduction in ground resistance below a 
certain value requires ever increasing ef- 
fort and results in ever decreasing bene- 
fits. A practical compromise occurs when 
a maximum resistance of 25 ohms per 
structure is obtained although 15 ohms or 
less is preferred. If the 25-ohm limit 
cannot be reached with rods and a crow- 
foot terminated on rods, continuous 
counterpoise is used as a last resort. 


Firtp MetHops DEVELOPED AND 
EMPLOYED 


During the summer of 1948, a 20-mile 
section of a 115-kv line in rugged country 


Figure 4. Coun- 
terpoise plough 
used for burying 
grounding con- 
ductors in rough 
country 
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was experimentally grounded in accord- 
ance with the foregoing general prin- 
ciples. Comparative costs of the alterna- 
tive methods were established. Field 
methods satisfying technical require- 
ments were evolved, and fortunately the 
preferred sequence of steps from tech- 
nical considerations was the most econom- 
ical. On the basis of this preliminary 
study and experience, the field procedures 
now presented were developed. 

Footing resistances of each structure 
are measured during line construction, 
and if the value is more than 15 ohms, 
grounding improvement is undertaken. 
The preferred maximum after improve- 
ment is 15 ohms, but where this cannot 
be obtained at acceptable cost, a practical 
maximum of 25 ohms is tolerated before 
continuous counterpoise is permitted. 
The sequence of steps to obtain grounding 
improvement is as follows: 


1. Rods are driven at the structure, if this 
be possible. Resistance measurements 
taken after each section is driven indicate 
the rate at which the resistance is being 
reduced. Where 15 ohms is obtained with 
relative ease, driving is continued until the 
rate of resistance reduction levels off. 


2. When a resistance below 15 ohms at the 
structure cannot be obtained, a search is 
made for a location where rods can be 
driven and connected to the structure with 
less than 200 feet of conductor. If such be 
found, rods are driven in accordance with 
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Figure 6 (left). 
Figure 7 (right). 


the previous paragraph. When their com- 
bined resistance is less than 25 ohms and no 
further reduction in resistance can be 
obtained, these are connected to the struc- 
ture with buried conductor. When less 
than 25 ohms is not obtained, a second 
similar location is sought, and if found, the 
process is repeated. 


8. Ifa resistance of less than 25 ohms can- 
not be obtained within 200 feet of the struc- 
ture, the possibility of installing crowfoot 
leads and terminations is investigated. A 
crowfoot consists of four conductors radiat- 
ing from the structure initially at right 
angles to cach other and subsequently kept 
at least 50 feet apart. Since each of these 
leads should terminate on an electrode of 
less than 150 ohms measured resistance, a 
search is made for possible rod locations not 
more than half a span distance from the 
structure, If such locations be found, rods 
are driven and their individual and com- 
bined resistances are measured, If each is 
below 150 ohms and the value of rods and 
structure combined is below 25 ohms, buried 
conductors are installed and connected to 
the structure. 


4, When proper terminations for crowfoot 
leads cannot be obtained, resistance meas- 
urements are taken for record purposes, 
The leads are then connected to those of 
the adjoining structures to form a continu- 
ous counterpoise. 


Examples of these methods of ground- 
ing as applied to lines on single structure 
right-of-ways are shown in Figure 6, 

The success of these grounding prac- 
tices depends, of course, on adequate 
supervision by trained and experienced 
personnel who can appraise the right-of- 
way terrain by judgment and appro- 
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Typical transmission line grounding arrangements in rugged country 


Standard grounding arrangement for rural transformer installation 


priate tests and consequently can select 
the most likely locations for electrodes. 


. 
ON 


EXTENSIVE APPLICATION OF METHODS 


A total of 700 miles of high-voltage 
transmission lines has been grounded 
since 1948 according to these methods. 
During the past year, 600 miles of 
counterpoise wire and 100,000 feet of sec- 


_tional rod were used to ground 500 miles 


of line. 

Structure footing resistances were high 
on all lines before improvement, values 
over 3,000 ohms being not infrequent. 
After improvement, 89 per cent of the 
structures were below 25 ohms and 54 per 
cent were below 15 ohms, Continuous 
counterpoise was used at all structures 
above 25 ohms, Although significant 
lightning outage records cannot be avail- 
able for some years, it is anticipated that 
giounding of these lines is adequate. Cost 
records have confirmed the economic ad- 
vantage of the preferred sequence of 
steps in the grounding procedures. 


RESISTANCE MBASUREMENTS IN RUGGED 
COUNTRY 


The “fall of potential” method of re- 
sistance measurement which is generally 
used to check grounds in areas having ex- 
tensive overburden is not satisfactory in 
areas where the overburden occurs in 
pockets separated by rock outcrops. In- 
stead, a series resistance measurement is 


Loucks, Lemire—Transmission and Distribution Grounding 


made between the overhead shielding 
wire and the grounded structure.’ The 
true resistance of the grounded structure 
will be less than the value measured by 
this technique. The ground resistance of 
the shielding wire is relatively so low, 
however, that in practice no correction for 
it is applied. 

Since transmission line grounding is 
essentially for lightning protection, -only 
that part of the grounding arrangement 
close enough to be effective, is measured. 
In general, grounds within half a span 
distance, but not exceeding about 500 
feet are considered to satisfy this condi- 
tion. 


Distribution Line Grounding 


Power which is sold in large blocks to 
municipalities and large industrial con- 
sumers is invariably delivered at trans- 
mission voltages of 13.2 kv or higher. 
Distribution voltages are used for supply- 
ing transformers which deliver retail 
power to approximately 300,000 rural 
and hamlet customers. Consequently, 
distribution grounding practices are es- 
sentially those of a rural system, 

Approximately 93 per cent of distribu- 
tion line mileage makes use of a multi- 
grounded common neutral system. The 
remainder has single-phase transformers 
connected phase-to-phase on a three-wire 
system, but this is gradually being re- 
placed by the common neutral method. 
System voltages are 4, 8, and 12 kv, the 
two lower levels being used in the well- 
populated southern portions of Ontario. 
GROUNDING PRACTICES GENERALLY 
SATISFACTORY 


The distribution neutral is solidly 
grounded to an electrode of less than 10 
ohms at small stations, or less than 2 
ohms at large stations. At each bank or 
transformer, it is again grounded to an 
electrode of less than 25 ohms. 

The high-voltage neutral when pres- 
ent, transformer tank, lightning arrester 
or arresters, and low-voltage neutral are 
connected together at transformer level 
on a pole-mounted ‘grounding plate.” 
Two bare copper down-leads of number 
6 BS or larger connect the “grounding 
plate” to the ground rod whose top is at 
least eight inches below grade. The 
ground wires are covered with wood 
moulding guards for the full extent of the 
pole and cross-arm. Figure 7 illustrates 
the standard grounding arrangement for 
rural: transformers. = 

Ground resistances are determined by 
means of earth testers employing either 
the ‘‘fall-of-potential’’ method or series 
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Figure 8. Equipotential plot on surface of 
ground around air-switch grounding-electrode. 
The rods shown as dots are spaced six feet 
apart and connected together and to the 


switch handle. Values shown are percentages 
of total electrode potential, or of potential 
between switch handle and ground surface 


resistance measurements, depending upon 
local conditions. 

Where the specified 25 ohms resistance 
cannot be obtained with one standard 10- 
foot rod, a second, third, or even fourth 
10-foot rod is driven at least 10 feet from 
the first and from each other and all are 
interconnected. In some locations having 
a deep sand overburden, 20-foot rods are 
used. 

In contrast to rules of the National 
Electrical Safety Code,1 no minimum 
number of grounds per mile are required 
on the common neutral. Although the 
lines have an average of more than two 
consumers per mile, some sections are un- 
grounded for as much as two miles. 

Grounding of low-voltage circuits and 
equipment connected to them is governed 
by rules and regulations enacted by the 
Provincial Legislature. These rules, al- 
though based on, do not agree in every 
respect with practices laid down in the 
Canadian Electrical Code, counterpart of 
the National Electrical Safety Code. 

Before 1931, consumers’ grounds were 
not connected to the neutral even on 
grounded neutral lines. Service boxes, 
conduit, and all other metallic enclosures 
were required to be connected to a ground 
tod for “safety”. From 1931 to 1947, 
service entrance boxes were connected not 
only to a ground rod but also to the 
neutral. Thus, all metallic enclosures 
connected to the service entrance boxes 
during this period have been connected 
also to the common neutral, whereas those 


not so connected have been protected only 


by “safety” grounds. Since 1947, re- 


__ vised regulations require that all metallic 


(1951, Votume 70 


enclosures be connected to both the 
neutral at the distribution box and a 
ground rod, Accidental electrocutions of 
livestock because of insulation failure on 
equipment connected only to “safety” 
grounds have been practically non-exist- 
ent on installations grounded according to 
present regulations. 

Although the grounding practices out- 
lined generally produce a common neutral 
which remains close to ground potential, 
neutral voltages of hazardous magnitude 
can occur in areas where grounding is 
difficult. In such areas, this potential 
may be applied to livestock through the 
grounding conductor of a water pump or 


. milking machine motor and metallic pipe 


lines, to drinking bowls or stanchions. At 
boliday resorts having high neutral 
voltages, intake pipes for private water 
systems may be at potentials dangerous to 
swimmers. 


NEUTRAL VOLTAGE HAZARD 


Investigations by the Commission be- 
gun in 1945 into the cause, magnitude and 
occurrence of neutral voltages have re- 
sulted in the following conclusions :? 


1. Neutral currents due to normal electric 
loads can produce neutral potentials of 30 
volts or more in areas having heavy loads 
and particularly difficult grounding condi- 
tions. Voltages of this magnitude are 
usually confined to resort areas, since in 
general, good farming land that creates 
heavy electric loads is also good for ground- 
ing. 

2. High-voltage phase-to-neutral faults 
can produce potentials of the order of 200 
volts on the neutral during a clearing time of 
sectionalizing devices of approximately one 
second, 

3. Lightning surges above 40 kv can be ex- 
pected once each year on the neutrals of 4 
per cent of the rural transformer installa- 
tions. Each installation, on the average, 
will experience a neutral surge of above 10 
kv once every three years. 


An evaluation of the hazards to which 
livestock will be exposed if in contact 
with neutral voltages involves a con- 
sideration of the time of exposure. If the 
voltage is sustained for periods longer 
than 10 or 15 minutes, 30 volts can cause 
death by forced muscular contraction and 
resultant asphyxiation. Since smaller 
voltages can induce distress to animals, 15 
volts has been set as a satisfactory maxi- 
mum. For periods up to one or two 
minutes, livestock can be subjected to 
voltages several times greater with no 
permanent ill effects.4 Experiments now 
in progress jointly by the Commission 
and the Ontario Veterinary College in- 
dicate that the maximum safe voltage on 
cows for a 2-second application may be 
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Figure 9. Equipotential plot on surface of 
ground around modified air-switch grounding- 


electrode. A. 3-foot square metal grill 
placed 1 inch below ground level supplements 
the three rods of Figure 8 


approximately 150 volts. This value 
probably will increase rapidly as the 
shock duration is decreased and very 
high voltages can be tolerated for times 
comparable with the duration of lightning 
surges. 

These have been present on barn 
electric systems for years without causing 
fatalities. Experience to date indicates 
that exposure to neutral potentials of less 
than 15 volts results in a negligible hazard 
to livestock, 


SPECIAL INVESTIGATIONS AND GROUNDS 
IMPROVEMENT 


In areas where neutral potentials 
above 15 volts are known or suspected to 
exist, surveys are conducted with graphic 
voltmeters and local improvements are 
undertaken. Since the increase in neutral 
voltage is gradual in consequence of load 
growth, the condition is usually disclosed 
by reports of cattle refusing to drink from 
metal bowls, or some related complaint. 

Neutral voltages usually are reduced to 
less than 15 volts by improved grounding 
with sectional rods at each distribution 
transformer. In one summer resort area 
where neutral potentials above 30 volts 
were present, 84 long rods were driven. 
One rod reached 210 feet in length, but 
the average length of all was only 59 feet. 
After this improvement, neutral poten- 
tials remained less than 12 volts at all 
times. 

In another resort area where improved 
grounding was virtually impossible be- 
cause of rock, distribution circuits were 
changed from single-phase to 3-phase, 
thus eliminating most of the neutral cur- 
rent. 
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Gang-Operated Air-Switch 

Grounding 

Gang-operated air-switches are in- 
stalled both on lines and at stations, and 
cover the range from 4 to 115 kv. A re- 
view of present grounding methods for 
each type of installation is followed by a 
summary of recent safety investigations 
and proposed changes in grounding ar- 
rangements, 

On lines below 13 kv, switches have an 
insulating section in the operating rod. 
Switch frames are connected to the high- 
voltage neutral, or if this is not available, 
to a ground rod installed at an adjacent 
pole. 

The operating handle, which is in- 
sulated from the switch frame, is con- 
nected to a ground electrode consisting of 
three 10-foot ground rods placed at the 
vertices of an imaginary equilateral tri- 
angle having a minimum side length of six 
feet, These rods are so placed that the 
switch operator stands within the en- 
closed triangular area while operating the 
switch, 

On lines above 13 kv no insulation is 
used in the operating rod of switches. 
The same interconnected 3-rod electrode 
is used, one rod being connected to the 
switch frame and the other two by sepa- 
rate conductors to the operating rod at a 
point just above the handle, 

Switches at stations have an operating 
rod without insulation, so that the handle 
is electrically connected to the switch 
frame, One grounding conductor paral- 
lels the operating rod and connects the 
switch frame to the operating handle 
bracket and to the station ground mat or 
grid, 

Since the neutral also connects to 
this grid, no additional grounding ar- 
rangement is used for the switch, 


Proposnp New Mpruop or GROUNDING 


Several instances of electric shock while 
air switches without insulating operating 
rods were being operated led to a study of 
the voltage gradients to which an operator 
might be subjected if voltage should be 
applied to the operating handle, A cur- 
rent was passed between a typical 3-rod 
electrode and a remote earth connection: 
the resultant surface potentials were 
measured on a high-resistance voltmeter, 
The effect of a conducting layer on the 
surface of the ground such as might exist 
immediately after the start of a rain 
shower was also investigated, Measure- 
ments obtained were used to plot equi- 
potential gradients on plan drawings of 
the installation, Figure 8 being typical, 
Conclusions from these tests were; 
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1. A person standing within the triangular 
area enclosed by lines connecting three 
ground rods and holding an operating han- 
dle connected to them may be exposed to as 
much as 43 per cent of the total electrode 
potential. 


2. This potential is not due to the existence 
of a conducting layer on the surface of the 
ground, 


83. At least one-third of the total voltage 
between electrode and true ground exists in 
the immediate area surrounding the indi- 
vidual electrode. 


A steel grating 3 feet square buried 1 
inch under the surface of the ground be- 
tween the rods was tried as a means of 
reducing this potential difference between 
switch handle and earth. Equipotential 
contours obtained were similar to those of 
Figure 9. From these and the former 
tests, it was concluded that: 


1. The potential to which an operator of an 
air-switch may be exposed is reduced by a 
factor of at least ten by the use of the grat- 
ing. 

2. The resultant potential gradient is not 
considered to be hazardous. 


3. Conditions existing immediately after 
the start of a rain shower increase by about 
two-fold the potential to which an operator 
might be subjected, but it was still much 
less than the gradient without the mat. 
This was due to the formation of a conduct- 
ing surface on the earth separated from the 
grating by the dry material. 


On the basis of these tests, the Com- 
mission contemplates the use of a steel 
grating or mat placed on the ground sur- 
face. The operating handle, and rod if 
uninsulated, will be connected to this 
mat which, for switches remote from sta- 
tions, will connect to the existing three 
rods, or for switches at stations, to the 
station ground netwoik. With the mat 
at ground level, the voltage gradient 
possible after a rain shower is reduced, 
and at the same time, safe boundaries for 
the switch operator are well defined. 

The mat proposed for use would be of 
galvanized welded steel fabric having 
number 4 ASW* wire (0.2253-inch diam- 
eter) in a 4 by 4 inch woven mesh. 
Fabrics such as this are commonly used 
for reinforcing concrete roads and struc- 
tures. The 4 by 6-foot size suggested is 
adequate to ensure that the operator of a 
switch having either vertical or lateral 
handle motions will remain well within 
the boundaries. The mat will be on the 
surface of sand in a shallow excavation. 
Sand will provide for drainage from the 
mat, thus minimizing corrosion, and is a 
material which can be readily sterilized to 
eliminate vegetation, 


*American Steel and Wire Company, 
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The principle of air-switch grounding‘ 


described has been approved within the 
Commission, but construction details 
have not yet been completed. 


Generating Stations 


Topographical features that help to 


ur 
™ 

r 
>} 


determine the location of hydro-electric — 


power developments are often unfavorable 
for good grounding for both temporary 
construction and permanent station use, 
During the past four years, all hydraulic 
generating stations under construction by 
the Commission and most of those com- 
pleted have had their ground arrange- 
ments reviewed. 

This involved a total of seven plants 
having an ultimate installed capacity of 
1,026,000 kva. 


CONSTRUCTION POWER GROUNDING 


Construction power at developments is 
generally distributed by 3-phase 575- and 
2,300-volt ungrounded delta systems. 
Experience indicates that ground elec- 
trodes of sufficiently low resistance to pro- 
tect such a system adequately are difficult 
or impossible, to obtain. In most cases, 
safety is obtained by interconnecting all 
metallic enclosures of electric apparatus 
and associated ground electrodes on the 
same system. This interconnection is by 
means of a copper conductor or a struc- 
tural member such as a conveyer. Where 
this proves impractical, monitored ground 
detectors are used to facilitate maintain- 
ing the system free of ground faults. One 
important phase of grounding is the pro- 
tection of blasting crews from premature 
explosions during lightning storms or 
system faults. 


PERMANENT STATION GROUNDING 


For the completed station, low-resist- 
ance grounds usually must be at some 
distance, often as far as one mile, from the 
power house or switchyard. Conse- 
quently, for surge grounding it has been 
necessary to supplement these grounds 
with additional electrodes, generally of 
higher resistance, in the immediate 
vicinity of the structures. All equip- 
ment and structural steel in the dam, 
power house, and switchyard are con- 
nected. to a common grounding) bus to 
which both power and surge grounds also 
connect. Surge grounding in yards usu- 
ally is obtained by means of a buried 
grid of copper conductor and ground rods 
where possible. The dam and power 
house make use of rods or conductor loops 
buried in the forebay or tailrace. In 
locating low-resistance electrodes for 
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power-frequency grounding, care is taken 
to ensure that the earth in question is not 
in an isolated pocket, and that it is a part 
of the general overburden. 

When resistance measurements are 
taken by the ‘‘fall-of-potential’”” method, 
current and potential probes are spaced 
up to 4,000 feet from the electrode under 


test. (4 


In some instances, telephone lines 
to other stations are used to bring a re- 
mote ground connection to the tester. 

Experience gained in surveys for con- 
struction-power grounding is useful in 
establishing suitable locations for perma- 
nent grounds. Earth resistivity meas- 
urements and trial rods are used as addi- 
tional determinants. 
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Standardization of Ratings of Neutral 
Grounding Reactors 


J. L. THOMASON 


MEMBER AIEE 


HE RATINGS of neutral grounding 
reactors ordered at random show a 
definite pattern. Consequently, it is rec- 
ommended that this pattern be stand- 
ardized and incorporated into the existing 
It is proposed to use the 
system previously pre- 
sented? For instance, for any voltage 
class the relation between ohms and am- 


standards. 
standardizing 


peres is nearly linear although broad 
banded on log-log paper. By grouping 
several closely associated ratings into one 
rating, the number of ratings is reduced 
from an unlimited number to a reasonable 
and practical number. Logical ratings 
established by the 60 per cent steps of pre- 
ferred series of numbers are being sug- 
gested. Intermediate ratings would be 
available, of course, without the benefits 
of standardization. 

After the ratings are standardized, it 
will only be a matter of time until the 
physical sizes are standardized. Then 
duplicates will be more frequently utilized 
and the resulting benefits will thus be 
made industry wide. This paper covers 
coreless, neutral grounding reactors, both 
air and oil immersed. 


Rating Items for Standardization 


Only three basic items of rating will be 
considered here for standardization: 


Reactance. The reactance should be 
expressed in ohms at 60 cycles, unless the 
frequency is otherwise specified, and the 
values should be established by the 60 
per cent steps of the preferred system of 
numbers. 


Current. The current should be ex- 
pressed in amperes and the values should 
be established by the 60 per cent steps of 
the preferred system of numbers. 


1500 


Dielectric Test. Normally the nom- 
inal’ circuit voltage determines the di- 
electric test of equipment. Here, for 
standardization purposes, it appears best 
to consider the induced potential tests as 
the basic rating. 

By standardizing on these three items 
of rating, with the aid of a rating target, 
duplication will occur more frequently 
than at the present time. 


Experience on Rating Sizes of 
Dry-Type Reactors 


A review of dry-type, neutral ground- 
ing reactor designs of the last five years 
shows that: 


1. A definite relationship exists between 
rated current in amperes and the reactance 
in ohms. 


2. The above relation is the same for both 
the 10-second and the 1-minute time ratings. 
3. Approximately 94 per cent of the de- 
signs were in the 4,160, 7,200, 12,400, and 
14,400 circuit volt classes; 2 per cent were 
2,400 or below; and 4 per cent above 14,400. 
4. Practically all the reactors were used for 
ground end applications and were contained 


in two insulation levels—30-kv and 40-ky 
induced potential tests. 


Items 1, 2, and 8 are clearly substan- 
tiated by Table I. Table Lin Parts A, B, 
C, D, and FE shows the ratings in which 
dry-type neutral grounding reactors have 
been furnished in the various circuit volt- 
age classes during the last five years. 
Bach design is tabulated in the closest 
proposed standard rating. 

Note from AIEE Standard No. 32% 
that the induced (turn-to-turn) test for 
outdoor reactors is one-third greater than 
the values shown in column 3 of Table 
II. Nevertheless, outdoor reactors could 
be supplied from the next higher standard 
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potential test group. Thus, 30-kv out- 
door could be supplied from 40-kv in- 
door; 40-kv outdoor from 60-kv indoor, 
and so forth. 


Experience on Rating Sizes of Liquid 
Immersed Reactors 


A review of our coreless, liquid im- 
mersed neutral grounding reactor designs 
over the last five years shows: 


1. A definite relationship between rated 
current in amperes and reactance in ohms. 


2. The above relation is the same for all 
time ratings. The various time ratings and 
their frequency of occurrence are shown by 
the table below: 


Time Per Cent 


CU 0) 000 SRRMIReIICMIOo: bocobec csr. 
1 minute. 
30 seconds 
2 minutes 


3. Most of the reactors were in circuit 
voltage classes of 33, 46, and 161 kv. 


4. The potential test requirements have 
varied considerably. In over 50 per cent of 
the designs the purchasers had called for 
higher test values than specified by the 
present standard.’ This may warrant 
further consideration because the present 
standard conservatively specifies the higher 
of the two values established by the circuit 
voltage or the reactor rated voltage. 


Table III, similar to Table I, shows the 
designs of the liquid-immersed type tabu- 
lated in the closest proposed standard 
ratings. Designs for several other circuit 
voltage classes are not tabulated because 
only a few designs were made. 


Rating Targets 
By consolidating the data in Tables I 


and II, Table IV is obtained. It will 
cover 95 per cent of the dry-type neutral 


Paper 51-280, recommended by the AIEE Protec- 

tive Devices Committee and approved by the AIEE 

Technical Program Committee for presentation at 

the AIEE Summer General Meeting, Toronto, Ont., 

Canada, June 25-29, 1951. Manuscript submitted 

Jona 18,1951; made available for printing May 
, 1951. 


J. L. Tuomason is with the General Electric Com- 
pany, Pittsfield, Mass. 
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Table |. Rating Target, Neutral Grounding 


Reactor, Dry Type, 


Table Ill. 


Rating Target, Neutral Grounding Reactor, Liquid Immersed 


Table Il. Voltage Classes! 


Amperes Type, Amperes 
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Induced Potential Test 
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Table V. Rating Target, Neutral Grounding Reactor, Liquid Immersed Type, Amperes 
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grounding reactors is obtained. For the 
higher circuit voltages, the induced poten- 
tial tests are based on the circuit voltages 
and not on the rated voltages nor other 
specifications. The rating target of Table 
VI should serve: 


1. As a starting point for standardizing 
neutral grounding reactors. 


2. As a very good relationship for ohms 
and amperes in neutral grounding reactors. 


3. Asa fair relationship for induced poten- 
tial tests. 
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Conclusions on Rating Targets 


1. The ratings of the reactors in terms 
of reactance in ohms and current in am- 
peres are determined logically by the pre- 
ferred series of numbers. 

2. The time rating (10 seconds, 30 
seconds, 1 minute or 2 minutes) does not 
alter the current and reactance ratings. 

3. Only two time ratings, 10 seconds 
and 1 minute, are recommended as stand- 
ards to minimize the number of standard 
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ratings and thus realize the benefits of — 
standardization. 


Advantages of Reactor 
Standardization 


Some of the advantages of reactor 
standardization are: 


1. Acceptance of preferred ratings should 
eventually result in: reduced costs, Shorter 
delivery time, better use of material as tests 
and service on the same size of reactor will 
point to improvement. 


2. The use of current and reactance ratings 
(as on a rating target) established by the 
preferred series of numbers will allow re- 
actors to be designed and used in logical 
sizes. 
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Discussion 


Louis E. Sauer (Westinghouse Electric 
Corporation, Sharon, Pa.): Mr. Thomason 
is to be commended for the use of preferred 
number values which provide a logical basis 
for ohmic and current standardization and 
can also lead to dimensional standardization. 
Although the 60 per cent steps (five series 
of preferred numbers) provide a minimum 
number of designs the amount of saving to 
be expected can hardly prevent a large 
number of specials. While neutral ground- 
ing reactors are usually ordered singly it is 
still doubtful that the lower development 
cost of a standard can bridge more than a 
20 per cent jump. In order to encourage the 
use of standard ratings it would seem more 
practical to offer the 25 per cent steps of the 
ten series of preferred numbers at least for 
ohmic rating. 


J. L. Thomason: We are grateful to Mr. 
Sauer for his formal commendation to add 
to the numerous informal commendations 
on the use of preferred number values for 
ohmic and current ratings of neutral 
grounding reactors. As pointed out pre- 
viously, standardization of reactor ratings 
will be satisfactory to all concerned only if 
first, there are enough ratings to cover the 
fields of applications and if second, there 
are few enough ratings so that economies 
can be realized. The 60 per cent steps are 
recommended initially with the knowledge 
that time will determine if there be any 
necessity for smaller rating steps such as 
25 per cent. 


4 


AIEE TRANSACTIONS 


Electric Insect Traps 


CHARLES F. DALZIEL 


MEMBER AIEE 


Synopsis: The electric insect trap, con- 
sisting of a filament or luminous tube light 
surrounded by an exposed high-voltage 
electrocuting grid possesses shock and fire 
hazards. Although little is known regard- 
ing the phenomena of insect electrocution, 
efficient electrocution of small insects with a 
reduction of these hazards to an acceptable 
degree may be accomplished by proper de- 
sign, construction, and installation. The 
limited success of insect traps is attributed 
to fouling of the electrocuting grids by the 
remains of insects sticking to the electrocut- 
ing grids. Although efficiency of electro- 
cution is important, effectiveness of the 
device depends upon the grids remaining in 
operating condition. The are produced 
when the insect flies between the electrodes 
of the grid may puncture the insect’s body 
and release a sufficient amount of its body 
fluid to cover it with a gluey liquid. As the 
. insect falls in the vicinity of the electrodes, 
the electrostatic forces may cause it to im- 
pinge on one of the electrodes. If sufficient 
body fluid has been exuded by the time it 
touches an electrode it may stick in a man- 
ner similar to a fly lighting on a freshly 
varnished surface. Although the insect 
remains may or may not interfere with the 
electrocuting grid, or they may be consumed 
by the arc in a short time, it is probable that 
fouling is responsible for many of the un- 
satisfactory reports from the field. Elec- 
trocuting grids which are less subject to 
fouling must be devised, and two designs of 
improved grids are proposed by the author. 


'T IS apparent to the casual observer 
f that light exercises a powerful in- 
fluence on the behavior of many insects. 
On warm summer evenings their irre- 
sistible attraction to light is evidenced by 
the number of moths and flies of many 
varieties that flutter around street lights, 
flood lights, yard and porch lights, and 
campers’ lanterns. Years ago the lure of 
light was suggested as a means of control 
for nocturnal flying pests and annoying 
insects. At the present time much con- 
cern is being given to the use of light traps 
to combat the infestation of the European 
corn borer in the states of the Middle 
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West. Various types of traps have been 
devised, the most satisfactory being the 
modern electric insect trap, the essential 
components of which are an electrically 
energized source of radiation and an as- 
sociated high-voltage electrocuting grid. 
Although a considerable amount of 
scientific information is available re- 
garding the response of insects to various 
frequencies in the visible or near visible 
(ultraviolet) spectrum, relatively little 
attention has been given to the effective- 
ness and electric shock aspects of these 
devices. This paper is confined to the 
latter problems in anticipation that safer 
and more efficient electric insect traps 
may result. 


Electrical Hazards 


The exposed electrocuting grid of the 
modern electric insect trap possesses po- 
tential electric shock and fire hazards 
similar to other devices having exposed 
electrodes, such as the electric fence, the 
electric stock prod, electric welding 
machines, the radiant heating element of 
the hot plate, and electrostatic spraying 
and dip-detearing apparatus. Reduction 
of the electric shock hazard of any device 
having exposed electrodes is a matter of 
serious concern. 

It is obvious that the electric shock 
hazard of the electric insect trap could 
be largely eliminated by surrounding the 
electrocuting grid with a guard so con- 
structed to permit insects to fly through 
it, but arranged to prevent accidental 
human contact with the energized elec- 
trodes. The disadvantages of a protect- 
ive guard are: (1) increased cost, (2) 
increased size, (3) reduced area of effect- 
iveness, (4) difficulty in cleaning the 
grids, and (5) limitation of the size of in- 
sects which can be controlled. For these 
and possibly other valid reasons, the use 
of protective guards has been opposed by 
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both entomologists and agricultural engi- 
neers. 

A more satisfactory method of con- 
trolling the electric shock hazard is by 
safe design, proper construction, and safe 
installation. In order to be specific, the 
electric insect traps considered in this 
discussion are assumed to be energized 
from a high reactance transformer having 
an output of 3,500 to 10,000 volts and 10 
to 30 milliamperes. The light source, if 
incandescent or fluorescent, may be con- 
nected to the input terminals, Ifa high- 
voltage luminous tube is used, it may be 
energized from the winding also used for 
the electrocuting grid, or from a second 
winding designed especially for the 
light. The latter is advantageous as it 
permits control of the current obtainable 
from the electrocuting grid independent 
of the current requirements of the light. 
Since the lure is mounted inside the 
electrocuting grid, the electrical hazard 
from contact with the grid is of primary 
importance. The traps used in this inves- 
tigation were manufactured by the Mono- 
lite Company, Berkeley, however, except 
for minor details of construction, they are 
similar to many commercial electric in- 
sect traps in general use. The chief 
factors affecting the electric shock hazard 
from the electrocuting grids of this type 
of device are: (1) current magnitude, (2) 
current pathway through the body, and 
(3) shock duration. 

It is common knowledge that gradu- 
ally increasing 60-cycle alternating cur- 
rents passed through electrodes held in 
the hands causes tingling, warmth, mus- 
cular contractions, and pain. Pain and 
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contractions increase in severity as the 
current is increased, and finally a current 
is reached where a person is unable to re- 
lease his grasp of the electrodes by using 
muscles directly affected by the current. 
The maximum current which a person 
can just release is called his let-go cur- 
rent. 

It is generally recognized that currents 
below a person’s let-go current are un- 
important from a safety standpoint, how- 
ever, currents slightly in excess of one’s 
let-go current may be very dangerous. 
About 991/. per cent of normal men and 
women can release 9 or 6 milliamperes, 
respectively, and these values are re- 
garded as the maximum 60-cycle current 
which can be considered reasonably safe 
for situations in which an adult can ob- 
tain a grasp of a continuously energized 
conductor. Currents of about 20 milli- 
amperes, when passed across the chest, 
cause such strong contractions of the 
chest muscles that breathing is difficult if 
not impossible during the time the current 
flows. However, respiration resumes 
automatically upon interruption of the 


Figure 2. Electrocution of green-bottle flies using */;.-inch diameter 
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current, and no adverse aftereffects are 
to be expected due to Currents of this 
magnitude provided such shocks are of 
short duration. 

It is important to distinguish between 
the direct effects of electric shock and 
general shock to the nervous system, 
which is commonly called shock. Be- 
cause of the wide variation in the physical 
condition of individuals, it is impossible 
to design any device having exposed 
electrodes which would be safe for all 
humans. The press contains frequent 
accounts of fatalities ascribed to heart 
failure caused by overexcitement, intense 
emotion, fear or shock. For such sus- 
ceptible persons, it is possible that con- 
tact with any electric circuit which per- 
mits currents only slightly in excess of 
the threshold of sensation might result in 
fatality. This possibility must be recog- 
nized, and in spite of what may be done 
to develop a safe electric insect trap, an 
occasional death is to be expected from 
casual contact involving electric cur- 
rents known to be safe for most normal 
individuals. Death in such cases must be 
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considered due to shock to the nervous 
system, and not due to the primary ef- 
fects of the electric current. 

Although experimental results to be 
discussed presently indicate that elec- 
trocution of insects is possible with cur- 
rents of the order of 6 milliamperes, the 
practicability of the device depends upon 
the electrocuting grid remaining free from 
fouling due to the remains of insects 
stocking to and short circuiting the elec- 
trocuting grid. Although the current re- 
quired to consume an insect, and thus per- 
mit the trap to resume its normal operat- 
ing condition depends upon the type of 
insect and the amount of body fluid it 
contains, it appears that a minimum of 10 
to 20 milliamperes would be required for 
small insects. Since currents of this 
magnitude will probably be insufficient 
to consume the remains of large moths 
or beetles, should they stick on the elec- 
trocuting grid, the trap must be so con- 
structed that the grid may be cleaned 
easily by an attendant. Although such a 
procedure would be unwise when the trap 
is energized, the act must be anticipated 
and duly considered in arriving at design 
requirements. 

In deciding upon safety recommenda- 


Figure 4. Maximum percentage of insects electrocuted as a function of 
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Figure 5. Current and voltage required to obtain 75 per cent electro- 
cution for various spacings of grid bars 


tions for any device one must adopt a 
realistic viewpoint. Safety requirements 
which are too restrictive would preclude 
the use of all devices having exposed 
electrodes. The hazards of electric insect 
traps are of the same order of magnitude 
as other somewhat similar devices, many 
of which have been approved.* 

A very considerable degree of safety 
would result from installing the trap so 
that the bottom was at a height of at 
least 71/2 feet above ground or floor. In 
this event the trap would be beyond the 
teach of all, including children, and it 
would require a deliberate act to make 
_ contact with the energized grid. The 
open space between the bars of the elec- 
trocuting grid should not exceed about 
1/2 inch. This close spacing practically 
precludes securing a firm grasp of two 
bars of opposite polarity. Unless an 
energized conductor can be grasped, 
safety requirements based on the let-go 
current criterion are much too conserva- 
tive. From a safety point of view, pref- 
erence is given to an ungrounded high 
voltage circuit, however, it may be more 
economical to ground one point of the 
secondary winding. In either event, if a 
person touched only one of the energized 
grid bars when touching the housing or 
when standing on a grounded object, in 
addition to not having a firm grasp of the 
electrode, his position and body weight 
would materially assist him to free him- 
self from the circuit. 

In order to confirm the above ideas, 
both the writer and an associate with- 
stood the output from a trap in which the 
current and voltage output was subject 
to control over rather wide limits. To 


*Approved by the Underwriters’ Laboratories, Inc., 
United States Bureau of Standards, United States 
Bureau of Mines, or similar institutions of recog- 
nized standing. 
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avoid being burned by the electric arc, a 
3/8-inch diameter steel rod was held in 
each hand and placed in contact with the 
electrocuting grid. Arcs were repeatedly 
struck and broken with the current path- 
way between the arms and across the 
chest using open circuit voltages up to 
9,720 volts and currents up to 12 milli- 
amperes. Tests with the palm of the left 
hand pressed against the grid were also 
made with voltages up to 15,750 volts 
and currents up to 62.5 milliamperes, the 
limit of the apparatus. In this case the 
hand, wet with water, was slapped and 
held firmly on the electrocuting grid, and 
to avoid being burned the circuit was then 
interrupted by an assistant. From the 
foregoing, it is concluded that if the 
maximum current between grid bars of 
opposite polarity, and between either 
grid bar and the metal housing, was 
limited to about 15 milliamperes, the de- 
vice should be reasonably safe from high 
voltage shock hazards. 

Safety requirements, similar to those 
prescribed for electric fence controllers 
should provide adequate protection 
against low-voltage shock hazards. The 
primary and) secondary windings of the 
transformer should be placed on separate 
core legs, or otherwise separated, so that 
insulation failure will be to a metallic 
barrier, the transformer core, or housing. 
In addition the device must be con- 
structed so that it will satisfactorily with- 
stand suitable dielectric rain, and humid- 
ity tests. 

For insect traps subject to rough 
handling in the field, it is essential that the 
device be equipped with a suitable length 
of three conductor flexible cord, and that 
the third or ground conductor be bonded 
to the core, frame and housing, and the 
other end connected to an effective 
ground. At least one standard fuse, 
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Figure 6. Woltage and current at which arcing occurs across electro- 
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mounted inside the waterproof housing, 
should be provided in the ungrounded 
conductor of the primary circuit. The 
current rating of the fuse should be as low 
as practicable, preferably not to exceed 
one ampere, in order to be sure that ade- 
quate protection is maintained during 
adverse grounding conditions, such as 
when it is necessary to use a driven ground 
in a location where grounding conditions 
are unfavorable. Although fusing and 
grounding the noncurrent carrying parts 
assures maximum safety, it is probably 
not feasible to incorporate these features 
in the somewhat smaller traps designed 
for use around the home or garden. It is 
unfortunate that proper grounding of 
these devices will be impracticable until 
3-terminal polarized outlets come into 
common residential use. 

During the experiments cigarettes were 
often lit from the arc controlled by a 
screw driver touching the electrocuting 
grid. Exposed arcs and sparks are a fire 
hazard, and it is important that the 
farmer be so informed. Insect traps are 
sometimes placed in storage rooms or in 
other enclosures. It is very important 
that such places be well ventilated so that 
there is little likelihood for the accumula- 
tion of explosive dust or gas mixtures. 
Traps should not be installed where a 
quantity of chaff might envelope the 
grid, such as adjacent to hay hoists and 
the like, and traps must not be used near 
highly combustible materials. Since the 
majority of electric insect traps are used 
over cultivated areas the fire hazard dur- 
ing ordinary operation in the field should 
be small, and it must be assumed that 
control of fire hazards is just one of the 
many problems associated with operating 
a modern mechanized farm. 

Based on these considerations, an 
electric insect trap with an exposed elec- 
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trocuting grid, constructed from ap- 
proved components, supported at least 
71/; feet above the ground or floor, and 
limited to a maximum current output of 
15 rms milliamperes should be a reason- 
ably saie device. 


Effectiveness of Electrocuting Grid 


The electric apparatus illustrated in 
Figure 1 was assembled in a darkroom and 
exhaustive experiments were made to 
determine the effectiveness of electro- 
cuting grids. Due to time limitations, 
the tests were confined to the green 
bottlefiy (Lucilia sericata), and the 
potato tuber moth (Phthorimoea oper- 
culella). These tests were made using 
readily available insects on the assump- 
tion that the results obtained would be 
representative, and that they might ap- 
ply to other insects which are difficult to 
raise in the laboratory. 

The curves of Figures 2 and 3 give the 
percentage of insects electrocuted as a 
function of the maximum output of the 
electrocuting grid for the given spacing 
of the grid bars. The curves are typical 
oi the results obtained, and are sufficient 
to illustrate that, for a given open-circuit 
voltage, the grid efficiency increases up 
to a certain value, after which the per- 
centage of insects electrocuted remains 
fairly constant regardless of the maximum 
current output. : 

The results using different electrocut- 
ing grids are shown in Figure 4 in which 
case the output current was limited to 30 
milliamperes. For each spacing of the 
grid bars there was a certain voltage 
above which little was gained, and below 
this voltage, the efficiency decreased 
rapidly. 

Values obtained from a series of curves 
similar to those of Figures 2 and 3 were 
used to obtain the curves of Figure 5. 
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Figure 7 (left). Percentage 
of insects fouling electro- 
cuting grids as a function 
of spacing between grid bars 


Figure 8 (right). Hemi- 
spherical electrocuting grid 
for insect trap 


These curves show the voltampere re- 
quirements to obtain 75 per cent electro- 
cution for various spacings of the grid 
bars. It is apparent that the voltage de- 
creases rather rapidly with increased cur- 
rent output up to about 15 milliamperes. 
Based on these data, it appears that 
satisfactory operation for small insects 
should be obtained with the current out- 
put limited to a maximum of about 15 
milliamperes. Although the deduction 
that electrocuting grids limited to 15 
milliamperes should yield satisfactory 
results is based on tests involving only 
two types of insects, the fact that many 
commercial insect traps are limited to 10 
milliamperes supports the conclusion that 
currents greatly in excess of these values 
are unnecessary as well as undesirable. 
The voltage required to cause arc-over 
of the various grids is shown in Figure 6. 
Although the curves represent the maxi- 
mum voltage that could be used with 
these particular electrocuting grids, it is 
concluded that the operating voltage of 
commercial traps should not exceed about 
75 per cent of the breakdown voltage, as 
once flashover occurs the are will be main- 
tained at a somewhat lower voltage. At 
the higher voltages and currents, an in- 
sect would frequently initiate an arc 
which would fail to extinguish itself. 
Both visible and audible corona were 
produced at surface irregularities when 
the voltage exceeded about 5,000 volts. 
Problems of insulation also become costly 
factors at very high voltages. For these 
reasons it appears that the maximum 
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practical voltage for devices of this type 
is about 7,500 volts. 

The mechanism whereby an electric 
current causes death to an insect is un- 
known, however, considerable information — 


we) ery de, = ee 


sect trap 
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Figure 9. Conical electrocuting grid for 7 


ATEE TRANSACTIONS | 


ews 


| sands of insects were used. If the electric 
are struck in the vicinity of the insect’s 
head, it generally fell lifeless to the floor, 
or in a jar arranged to collect the speci- 
mens. On the other hand, if contact with 
the grid resulted in a light spark instead 
| of an arc to the insect’s head, it would 
fall lifeless to the floor, but after a few 
minutes it\might revive, apparently with- 
out ill effect. Arcs or sparks to other 
parts of insect’s body generally resulted 
in less damage, although in the majority 
of cases the insect was critically injured, 
and died within a few hours. 

Although efficiency of electrocution is 
important, it is essential that the elec- 
trocuting grid remain free from fouling. 
Tn common with the reports of other ex- 
perimenters, considerable difficulty was 
experienced due to insects’ sticking and 
short circuiting the grids Sometimes 
the insects stuck to the grid bars without 
interfering with the operation of the grid, 
at other times the insects were consumed 
by the are and the grid automatically re- 
sumed operating condition, however, 


much too frequently it was necessary to 
clean the grid by hand before the experi- 


ment could be continued due to the re- 
mains of insects short circuiting the grid. 
The curves of Figure 7 show the per- 
centage of insects sticking on the grid asa 
function of the spacing between the grid 


_ bars. 


The chief reason insects foul the bars of 
the electrocuting grid is due to the elec- 
‘trostatic forces produced by the strong 
electric field. If an arc involving an insect 
is extinguished while the insect is in the 
space adjacent to, but not touching either 
electrode, the insect acquires an electro- 
static charge. For the idealized case in 
which the electric field is produced by 
direct current, the charged insect is then 
attracted toward one electrode, and re- 
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pelled from the electrode of opposite 
polarity. Upon contact with an electrode 
the charge is neutralized, and the insect 
drops in a manner similar to dust par- 
ticles in an electrostatic precipitator. In 
the actual case the phenomena is similar 
but more complicated, as the motion of 
the insect depends upon its initial momen- 
tum, inertia, drift due to any existing 
breeze, convection air currents due to the 
are, air currents produced by beating of 
the insect’s wings, force of gravity, and its 
charge in the alternating high potential 
field. Often an insect appeared to be 
falling as a free body when it would sud- 
denly depart from its vertical descent and 
impinge against an adjacent grid bar. If 
by this time sufficient body fluid had been 
exuded, it frequently adhered to an elec- 
trode, in a manner similar to a fly lighting 
on a freshly varnished surface. 

Figures 8 and 9 were devised by the 
writer in an attempt to develop an elec- 
trocuting grid which would be less sub- 
ject to fouling due to insects sticking on 
the grid bars. It is possible that the 
short interval of time between initiation 
of the arc and emergence of body fluid, 
may be sufficient to permit the insect to 
start its descent and thus fall away from 
the electrodes before it has exuded suffi- 
cient fluid to permit it to stick thereon. 
The construction of the proposed elec- 
trocuting grids is such that any vertical 
descent, however small a distance, will 
result in the insect falling away from the 
electrodes. In contrast, an insect causing 
an arc in the upper portion of the con- 
ventional vertical grid falls more or less 
parallel to the grid bars and within the 
strong electric field during its entire de- 
scent within the structure. For hori- 
zontal configurations arranged in a ver- 
tical plane, the insect’s motion is trans- 
verse to the electric field, but it may 
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strike bar after bar in its downward de- 
scent. In either case, conditions con- 
ducive to fouling are present for a rela- 
tively long period of time. 


Conclusions 


An electric insect trap with an exposed 
electrocuting grid, constructed from ap- 
proved components, supported at least 
71/2 feet above the ground or floor, and 
limited to a maximum current output of 
15 rms milliamperes should be a reason- 
ably safe device. 

Although efficiency of electrocution is 
important, it is essential that the elec- 
trocuting grid remain free from fouling. 
New types of electrocuting grids must be 
developed which will be less subject to 
fouling due to insects sticking on the 
grid; the grids must be constructed so 
that they may be cleaned easily by un- 
skilled labor in the field. 

The fire hazard of electric insect traps 
should be recognized. Insect traps must 
not be used near combustible materials 
or in locations where there is a possibility 
of an explosive atmosphere. 
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~ Operating Experience with Ground 
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HIS PAPER presents the results of 
15 year’s experience using ground 
distance relays as a means of protecting 
against faults on the 25-cycle high-voltage 
transmission systems of The Hydro- 
Electric Power Commission of Ontario. 
The experience obtained from this method 
of ground protection over this period of 
time has indicated that a definite field 
of application exists for this type of re- 
laying. 


Factors Contributing to the Use of 
Ground Distance Protection on 
the Commission’s Systems 


The Hydro-Electric Power Commission 
of Ontario made its first application of 
distance relaying to the 230-kyv 25-cycle 
system which originally consisted, in 
1928, of one line between the Paugan 
Generating Station and Leaside Trans- 
former Station, This system expanded in 
four years to that shown in Figure 1, and 
was operated from its inception with all 
neutral points of Y-connected transform- 
ers solidly grounded. Ground distance 
relaying was employed in conjunction 
with phase distance protection. The 
principal reason for the choice of im- 
_pedance relaying generally was the desire 
to interrupt line-to-ground faults over the 
same ranges as afforded by phase im- 
pedance protection. Since carrier current 
was not generally employed in 1928 with 
many schemes it was felt that the ground 
impedance relays could give a more con- 
sistent performance for all types of sys- 
tem connection, especially during light 
load conditions when fault currents were 
limited by the amount of generation on 
the system, Similar relay installations to 
those made originally in 1928, were ap- 
plied to the 230-ky system as additional 
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lines were incorporated into the network. 
Figures 2, 3, and 4 show the line changes 
up to 1949. No further additions are to 
be made to the 230-ky 25-cycle system. 
Frequency standardization was com- 
menced in 1949 with the purpose of even- 
tually converting most of the system 
shown in Figure 4 from 25-cycle to 60- 
cycle operation. 

The original portion of the Com- 
mission’s 115-ky 25-cycle system was 
built between 1910 and 1914. The sys- 
tem was only grounded at the points 
where a source of generation existed and 
originally only at Niagara Transformer 
Station, Resistance grounding through 
water boxes was initially decided upon to 
limit the current through the transformer 
neutrals and line breakers under line-to- 
ground fault conditions. As the sources 
of infeed grew in number the number of 
resistance grounded neutrals also in- 
creased, In the period from 1920 to 
1929, Queenston Generating Station was 
incorporated into the high-tension system 
at Niagara Falls. In addition, when 
generation became available at the Lea- 
side Transformer Station bus over the 
230-ky network from the eastern sources, 
that is, Paugan, Chats Falls, Masson, and 
Beauharnois, a grounding source also was 
installed in the Toronto area. 

In 1931, after 3 years’ experience with 
ground and phase impedance relays on 
the 230-kv network, it was decided to in- 
stall this same method of protection to the 
115-kv system, in order to obtain the 
benefits of high speed fault clearance, 
since the older type of circuit breakers 
originally installed on this system were 
either being replaced or modernized. 
Since the amount and distribution of 
ground currents in the 115-ky 25-cycle 
network was generally governed by the 
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value and location of the neutral ground- 
ing points, the use of induction-type 
ground relays was precluded, 

In Figures 1 to 4 inclusive, the numbers 
associated with the lines are the distances 
in miles between bussing points. In some 
cases the lines are not relayed at all bus- 
sing points. The only lines considered in 
this paper for analysis are those shown in 
Figures 1% to 4 which have mileages in- 
dicated. 

Furthermore, only those faults in- 
volving ground and one, two or three 
phases are considered; although not 
tabulated, the percentage of faults in- 
volving only two or three phases without 
ground was considered too small to be 
worth recording; consequently the break- 
down of all faults into the three categories 
shown in Table I or Table IJ is quite in- 
dicative of the actual percentage in- 
cidence of all faults encountered. 


Theoretical Considerations 


The most comprehensive analysis of 
distance relaying and more particularly 
ground distance relaying has been pre- 
sented by W. A. Lewis and L. S. Tippett. 
This first treatment, written in 1931, was 
again brought to the attention of the pro- 
fession in 1947 with a revised presentation 
of the original article. The aim of this 
paper was to provide a comprehensive 
means of analyzing the voltages and cur- 
rents under fault conditions which may 
be used to operate ground distance relays 
on double circuit lines. The simplest and 
yet most preferable scheme as described 
by Lewis and Tippett considers the 
general expression for the line-to-ground 
voltage at a relay during a line-to-ground 
fault. ‘ 
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Figure 1. Hydro Electric Power Commission of Ontario, 25-cycle system, 1935 
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Figure 2. Hydro Electric Power Commission of Ontario, 25-cycle system, 1937-1939 
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Xa Xx Utog¢ ltep 


ZERO POTENTIAL BUS 
Xo (Xx Zoos logs 
ve —= 
3Rw 


A Y2Rn 


Tqur=phase A fault current from opposite 
end of faulted line 

Re =fault resistance 

G=substation where relaying is considered 

H=substation at opposite end of line section 

F=fault location 


If a single suitable current equal to the 
bracketed quantity associated with mZ,qy 
is chosen, namely 


(Zon —ZicH) 


Treiay =Iagr+loar 
Zan 


We obtain a very simple result, as fol- 
lows: 


Eag 


relay 


(aor +Janr) R 


f, relay 


Zn= 


= MZ\en+ a (3) 


where 


Zr=impedance indicated by the relay 
Treisy = Current through relay 


~ This method uses the line currents plus 
a percentage of the zero sequence cur- 
rents in the protected and parallel paths. 
Fallou,? in France, also suggested this 
method in 1930, covering the case only of 
a single line, without considering the 
situation where a parallel line exists. 

The relay current used by the Com- 
Mission in its ground fault distance pro- 
tection schemes is a residual current, or 
three times the zero sequence current. 
This usage of residual current was first 
suggested to the Commission by P. 
Ackerman, about 1927. The method by 
which it may be employed is developed in 
subsequent paragraphs. 

Figure 5 shows an assumed line from a 
point G to a point H with a voltage source 
beyond each end of the line section. A 
L-G fault is assumed at F, and the cor- 
responding sequence network connection 
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Figure 5. Diagram 
of an assumed sys- 
tem with  corre- 
sponding sequence 
network for  line- 
ground fault at 
point F 


Xy 


also is shown. The transformation at G 
and H is connected wye on the line side 
with a resistance-grounded neutral Ry, 
and a delta connection on the low side. 
This is the method of grounding 25-cycle 
115-kv system; the 230-kv 25-cycle sys- 
tem is solidly grounded. 

By neglecting the presence of parallel 
circuits, and of arc resistance, equation 1 
may be rewritten as follows: 


Eag=Ihar (Zier+Zecr+Zoar) (4) 


This equation also assumes that logy 
=ITgr=lgr, which is the case when the 
ratios of positive, negative, and zero 
sequence impedances to the left and right 
of the fault point are equal, that is 


Zicr Zor Zoar 


Z\uF ZouR ZoHF 


Although the presence of 3Ry in the 
zero sequence network, Figure 5, will af- 
fect the magnitude of Iogy (or Jour) as 
determined by Ea, (or Ea’) the value of 
EAg, the voltage to ground at G is as 
given in equation 4. 

Dividing equation 4 by 3logr gives the 
result 


Eag _ Z1gr+Z.er+Zoar 


5 = 5 
3her 3 ( ) 
or 

E 2Zigr+Z 

= = Zrelay _ 24:6" +Zoar (6) 
3loar 3 


Measurements have been taken on the 
115-kv and 230-kv 25-cycle system to de- 
termine the relative values of Z) and 2). 
Using an average value of 2Z)=3Z, 
equation 6 be¢omes 


Zrelay = 1.6Z,6r (7) 


Therefore the settings necessary to 
cover 80 per cent, 90 per cent, ... of the 
line length depending upon the range de- 
sired, may be easily obtained. One of the 
advantages in using the residual current 
rather than line currents is that loss of 
potential will not cause false operation of 
the ground protection. Furthermore, 
heavy currents swings, due to load 
changes, et cetera will not affect the 
ground protection. 


Analysis of Relay Operations 


230-Kv LINES 


The four lines from which operating 
records have been summarized on the 25- 
cycle 230-kv solidly grounded system are 
given in Table I. As may be noted on 
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Figure 6. Schematic diagram showing how current and potentials are supplied to phase and 


ground distance relays. 


Current and potential circuits are shown separately, hence each im- 


pedance relay is shown twice 
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Figure 4, a fifch 230-kv circuit has been 
added to the system, but the operating 
record of this line has not been included. 
All these lines are single circuit construc- 
tion, and the three original circuits from 
Chats Falls to Leaside, Figures 1 and 2, 
are on the same right-of-way, with lines 
150 feet apart. The effect of mutual 
coupling, which was appreciable, was 
considered in the settings of the ground 
distance protection. 

Figure 6 shows a typical alternating 
current and potential diagram which 
illustrates the manner in which currents 
and voltages are utilized by the Commis- 
sion in its impedance protection schemes. 

The phase currents are fed directly to 
the first range(instantaneous) and second 
range (definite time) phase impedance re- 
lays. These relays use line to line poten- 
tial in conjunction with the phase cur- 
rents. The phase directional relays are 
next shown both the current and potential 
diagrams. The sum of the phase currents 
is then passed through the first (instan- 
taneous) range relays of the ground dis- 
tance protection. Line-to-ground volt- 
ages are used along with the residual cur- 
rent in this relay. Two simple current 
relays are depicted next in the residual 
current circuit. One of these is used to 
block all relay protection in case of an 
accidental opening in the current circuit; 
the second relay has a low current setting 
and supervises the long range (definite 
time) ground protection. Residual cur- 
rent is next passed through the definite 
time ground impedance protection which 
also employs line-to-ground potentials. 

Finally the ground directional relay is 
shown in the residual current circuit. 
This relay utilizes the voltage from the 
open corner of a delayed connection to 
give the desired directional feature to the 
ground impedance protection. 

Generally speaking, the relay schemes 
employed for ground protection are es- 
sentially similar for both 115-kv and 
230-ky systems. An experimental carrier 
trip scheme was added to two of the four 
230-kv circuits considered. It is not in- 
tended here to analyze the efficacy of this 
additional means of clearing faults simul- 
taneously. In most cases in the lines 
under analysis, the carrier trip did not 
function with any degree of certainty and 
in only one or two cases can nonsequential 
relay and circuit breaker operation be 
attributed to this feature. 

The ground relay performance data 
presented in Table I commences with the 
year 1937, although as noted previously 
the first ground distance relays were in- 
stalled on the 230-kv system along with 
the phase distance protection in 1928. 
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The first line to be considered, was 
originally connected from Chats Falls 
Generating Station to the Leaside Ter- 
minal, a distance of approximately 203 
miles. In 1941 this circuit was connected 
into Burlington and has been operated in 
this manner continuously since that date. 
Over a 13-year period an average of 4.9 
relay operations per year have occurred, 
97 per cent of which were correct. 

The second 230-kv line to be considered, 
originally was operated for a 10-year 
period from 1930 to 1940, as a 3-terminal 
line section. This connection involved 
Paugan Generating Station and Chats 
Falls Generating Station at the transmit- 
ting end, and Leaside Terminal at the re- 
ceiving end. The single tap into Chats 
Falls was eliminated in 1940 and one of 
the resulting two circuits then connected 
Chats Falls directly to Leaside. In 1948 
another 3-ended method of operation was 
again introduced at the receiving end of 
the line during the incorporation of the 


new Kipling terminal station into the sys- 
tem. 
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This record of line changes partially 
explains the relatively poor operating 
record of this section. Of the relay opera- 
tions reported only 72.5 per cent are 
considered correct. However, during the 
8-year period of 2-terminal operation 
when 50 per cent of these relay operations 
were recorded, only one was considered 
false giving a 96 per cent correct record, 
which compares favourably with the first 
230-kv line considered. This circuit now 
is operated as a 2-terminal line connecting 
Chats Falls Generating Station to Kipling 
Terminal, see Figure 4. 

The 230-mile line connecting Paugan 
directly to Leaside has always been oper- 
ated as a 2-terminal line. Of 5.4 average 
ground relay operations per year recorded 
during the last 13 years, 98.5 per cent 
have been correct, with the remaining 
1'/> per cent of operations unclassified 
as neither correct nor false. This appears 
to be the best record of at of the 230-kv 
transmission lines considered, for a com- 
parable length of time. 

The fourth and last 230-ky line under 
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Table |. Relay Operating Record 230-Kv Lines 
No. of 
Relay 
Length No. of Operations Percentage Classification Per Cent Incidence 
Line Location and in Years Per Circuit Unclas- of Fault 
Designation Miles Covered Per Year Correct False _ sified L-G L-L-G_ L-L-L-G 
Chats Falls to Lea- 
Bide\or Byirl.)...... 245...... DE eee 49s areas 97 320s .00. 50 41.5 8.5 
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side (or Burl.)...... DN Give ears Paquet < oh SiGueraa ae TD Bice cena ers oe OLaDaat ZO Dito 3.0 
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MRASICE oi c)-lciniole <isis 230) es vcsars LS: a DAN ia. OSE Diy cclom separ Lan mnoe #40.5..0...% 7.5 
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| CASS 5hR6 oon BOO sa ten aan aie PAs ee 91 AEB aA De GS-20; ac elye emcee 10.5 
OS ae SOLA ee tab rarer tinvess aisle etaievai a6 90.0 SrOree en 00).07 aoe all 7.4 


L-G Line to ground. 
L-L-G Line to line to ground. 
L-L-L-G Line to line to line to ground. 


analysis in Table I is the longest line 
operated by the Commission, extending 
for 300 miles from Beauharnois Generat- 
ing Station (near Montreal) to Leaside 
Terminal (at Toronto). This line went 
into service in 1941. During the past 9 
years, 2.3 average ground distance relay 
operations per year have been recorded, 
91 per cent of which were correct. Two 
additional relay operations were actually 
reported over this same period but were 
caused by operating errors when relay 
potential was being transferred from one 
circuit breaker position to another. 


Analysis of Relay Operations 


115-Kv SystEM 


The lines for which operating records 
have been tabulated for the 115-kv re- 
sistance-grounded neutral system are 
summarized in Table II. The circuit 
miles considered for the purpose of this 
report total 919 miles. Reference to 
Figures 1 to 4 will indicate that all the 
115-ky lines have not been summarized 
for relay performance although ground 
impedance protection has been applied to 
all of these lines exceeding approximately 
15 miles in length. Pilot wire protection 
is the general practice for the shorter tie 
lines. 

The longest lines-in the group of Table 
Il are those connecting Queenston Gen- 
erating Station to St. Thomas Trans- 
former Station. These lines, operated 
radially to St. Thomas, are 113 miles in 
length and carried on double circuit 
towers. Referring to the first of these 
lines it is to be noted that over a 15-year 
period 5.3 ground relay operations per 
year have taken place, 86 per cent of 
which were considered correct. On the 
second, 6.0 ground relay operations per 
year have occurred 97.5 per cent of which 
were correct. Due to the importance of 
these lines in supplying the Western 
Ontario Load centers, an analysis of 
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probable relay performance under various 
fault conditions has been made on the 
a-c network calculator. It was shown 
that the effect of mutual coupling be- 
tween the two circuits had not been suffi- 
ciently accounted for. Since revised set- 
tings, based on the calculator study, were 
placed on the relays at both ends of the 
line sections, in 1945, 86 per cent of the 
operations have been successful on the 
first circuit, and 100 per cent have been 
so far successful on the second. There is 
a relatively high percentage of line-to-line- 
to-ground faults on these circuits (Table 
II), although the tower footing resist- 
ances are only in the order of 5-10 ohms. 
No attempt has been made in the tabu- 
lated data to classify the type of fault if 
the relay operation was false or unclassi- 
fied. Usually in such a case the fault was 
found to be outside the line section in 
which the false operation occurred and as 
such would be classified in the ‘type of 
fault’ column for an adjacent section. 


The other line section considered, 
which has its source at Queenston Gen- 
erating Station, is that connecting the 
generating station to Hamilton Trans- 
former Station. This 38-mile section 
shows an average of 1.2 operations per 
year over a 14-year period, of which 88 
per cent were considered correct, and the 
remainder were considered unclassifi- 
able rather than false. This line section is 
one of two circuits on double circuit 
towers. The second circuit has been in- 
volved in a number of terminal changes 
at the Hamilton end and consequently 
was not included in this analysis. 

The double circuit line between Niagara 
Transformer Station and Dundas Trans- 
former Station is 45 miles long, and both 
lines have only a fair operating record. 
The first line referred to in Table II shows 
75 per cent correct relay operations over a 
13-year period, while on the second line, 
only 62.5 per cent of all relay operations 
were considered correct. In addition to 
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the relative shortness of these two lines 
from an impedance point of view, slow 
circuit breaker operating times have 
caused the circuit breaker electrically re- 
mote from the fault on the unfaulted line 
section to trip on its definite time range. 
These slow operating times, especially at 
Niagara Transformer Station, have been 
a main contributing factor in the number 
of false operations. The need for revised 
settings of these lines to fully account for 
the mutual induction is under considera- 
tion at the present moment. 


Reference again to Figures 1 and 2, in- 
dicates that Dundas Transformer Sta- 
tion was a major system connection point 
prior to the installation of the 230-kv 
terminal station at Burlington. The 
records of the*lines between Dundas and 
London and between Dundas, Kitchener, 
and London are shown in Table II. 
The Dundas to London lines are of 
double circuit construction of a 1910 de- 
sign similar to those from Niagara Trans- 
former Station to Dundas. Woodstock 
and Brant Transformer Station are inter- 
mediate points in these two circuits. The 
lines are not normally bussed at these 
latter stations, one load being taken from 
the first circuit and the other from the 
second. The two lines are only relayed at 
London and Dundas. The inherently 
high zero sequence mutual coupling in 
these circuits has also been a factor in- 
fluencing the operating record of the 
ground distance relays on these two lines, 
along with the absence of a direct ground 
source in the London Area. These two 
principal factors have accounted for only 
78 per cent and 82.5 per cent correct 
operations over a 13-year period for these 
two circuits. 


The Dundas to Kitchener circuits also 
are of a 1910 design and furthermore 
were connected, in 1941, to the new 
Burlington terminal referred to in the 
preceding paragraph. Consequently, the 
latter portion of the relay record includes 
the lines from Burlington through to 
Kitchener Transformer Station—a total 
distance of 52 miles. A 13-year record of 
relay operations for these two circuits 
shows 91.5 per cent correct operations and 
87.8 per cent correct operations over the 
first and second of these circuits. Al- 
though two intermediate bussing points 
are shown on these two circuits it is not 
usual practice to bus the lines at these 
stations. The loads are distributed be- 
tween the two line sections, and the line 
is only relayed at the Burlington and 
Kitchener end. This record, although an 
improvement over the Dundas to London 
lines, which also traverse similar territory, 
could probably be improved by consider- 
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ing the mutual coupling between the 
double circuits. 

It would be expected that the single 
circuit from London through to Kitchener 
which is relayed only at these two stations 
would have an improved record over those 
lines which are of double circuit con- 
struction. However, the fact that only 
78.5 per cent of all operations in the last 
13 years have been correct indicates that 
some other reason than incorrect settings 
must be the cause of the questionable rec- 
ord. The ground current standby relay 
in this section at Kitchener is suspected 
of unstable operation due partially to a 
sticking of the contact travel arm against 
its stops. 

The remaining 115-kv lines to be con- 
sidered in this report are those com- 
mencing at St. Thomas which transmit 
power to the extreme western area of 
Ontario, of which Windsor is the prin- 
cipal city. 

The double circuit lines from St. 
Thomas to Kent Transformer Station, as 
shown in Figures 1 to 4, were installed in 
1914 and traverse a distance of 58 miles 
between these two points. The relay 
operating records on these lines are 
reasonably good with 96.5 per cent of re- 
lay operations correct on Number 1 line, 
and 82 per cent classified correct on the 
second line. The period covered on both 
lines was fcr 15 years. 

The other circuit considered from St. 
Thomas westward is that connecting 
directly with Windsor. This is a single 
circuit line of 103 miles in length, com- 
pleted in 1940. Out of 5.5 average relay 
operations per year reported on this line 
over a 10-year interval, 91 per cent fall in 
the correct category. Of the remaining 
9 per cent of relay operations which were 
considered false, 7 per cent occurred dur- 
ing the first year of operation. At the be- 
ginning of 1941, new relays were in- 
stalled, and since that time only one in- 
correct operation has been reported, thus 
giving 97.5 per cent correct operations ex- 
cluding the first year of service. 


Comments on the Effect of Mutual 
Coupling on Ground Distance 
Impedance Settings 


The presence of mutual coupling® be- 
tween three of the four 230-ky circuits 
considered previously has been accounted 
for simply by increasing the settings on 
the instantaneous and definite time ranges 
of the ground distance relays. The 
justification for this can be seen in con- 
sidering the expression in equation 1 and 
rewriting it in terms of sequence quanti- 
ties. 
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Relay Operating Record 115-Kv Lines 


Table Il. 
No. of 
Relay : 
Length No. of Operations Percentage Classification Per Cent Incidence 
Line Location and in Years. Per Circuit Unclass- of Fault 
Designation Miles Covered Per Year Correct False ified L-G L-L-G_ L-L-L-G 
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Thus 


Eae=(hert+her)mZigu+ 
loer-m.ZogH +hexy.m.Moax 


(8) 


This equation only neglects the pres- 
ence of fault resistance Rg. ier, Lloegr, 
Iogr are the sequence currents flowing in 
the faulted line from G to F. The term 
Togux.m.Mogx is the increased drop in the 
zero sequence network due to the effect of 
mutual coupling between the circuit con- 
sidered and the adjacent parallel circuit. 
Thus the effect of mutual coupling is to 
increase the effective impedance to the 
point of fault. Furthermore, in consider- 
ing that Iogry=ler=logr, as is done in 
equation 4, it is also assumed that the 
ratios of Zier/Zinr, Zoer/Zoyr, and 
Zogr/Zonr are equal. 

This holds approximately true in the 
230-kv 25-cycle network since all step-up 
and step-down transformation is operated 
with all neutrals solidly grounded. Con- 
sequently the zero sequence impedance at 
the Leaside, Kipling and Burlington re- 
ceiving end “‘bus”’ is of the same general 
magnitude as that of the Chats Falls, 
Paugan, Masson, and Beauharnois send- 
ing end ‘‘bus.”’ This explains the suc- 
cess obtained using the type of ground 
distance relaying employed by the Com- 
mission, without resorting to the use of 
special circuits introducing a portion of 


zero sequence currents from the parallel 
lines. 


The possible variations in indicated 
impedance due to mutual coupling also is 
shown in Figure 7(A). As the fault 
moves down the line the relays at G on the 
faulted line see a relative change in im- 
pedance from zero up to Zogxy+Mogu.- 
The relays on the unfaulted line also see 
zero impedance at the G bus but the 
direction for tripping is incorrect. At the 
midpoint there is no current in the parallel 
line and impedance reached infinity. 
Once the midsection is passed the zero 
sequence impedance falls to Zogqg+ Moen 
at the opposite end of the line. 

In the second case considered it is as- 
sumed that the circuit breaker at the near 
end of the faulted line section is opened 
before the other circuit breaker at the far 
end. In this case the relays on the un- 
faulted line at G see a zero sequence im- 
pedance as indicated in Figure 7(B) which 
changes to Zogq for faults at the opposite 
end. Thus for certain conditions where 
nonsequential clearing occurs the indi- 
cated impedance on the unfaulted section 
may fall within the definite time range 
and undesired tripping will occur. This 
analysis presupposes as mentioned above 
that the zero sequence impedance from G 
to “neutral” and from H to “‘neutral’”’ are 
approximately equal. _ 

On the 115-ky 25-cycle system the 
ground sources are only at the infeeds of 
generation. As a result, many of the 
busses at which ground distance relaying 
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is employed are quite remote from ground 
sources and there is a major difference in 
values of impedance from the various 


| busses to ground. Thus it becomes in- 


creasingly difficult to compute the effect 
of mutual coupling; furthermore, the 
relation that ligr=Ingr=Ivay becomes 
less and less valid. Thus accurate relay 
settings ate difficult to ascertain, unless 
use is made of the a-c network calculator 
in determining the values of these set- 
tings. 


Conclusion 


The ground distance relay operation 
records have been presented for a rep- 
resentative portion of the Commission’s 
115-ky and 230-kyv Southern Ontario 25- 
cycle system. The average percentage of 
correct operations referred to in the 
tables on this system does not appear to 
be as high as that reported on another 
system which also uses ground distance 
relay protection.’ It is felt, however, that 
the ground impedance method of relaying 
ground faults has given reliable service 


during the period for which it has been in- 
stalled at a low unit cost per terminal 
installation. The fact that the 115-kv 
resistance grounded system has a limited 
number of grounding points has dis- 
criminated against the true performance 
capability of this means of ground fault 
protection. In addition, in most applica- 
tions on this 115-kv network the effect of 
mutual coupling has not been included in 
settings for the ground distance relays. 
This factor has probably prevented more 
accurate performance. 

The 230-kv system performance is more 
accurate than that of the 115-kv network. 
On the former, a less pessimistic per- 
centage than the 90 per cent average 
value tabulated may be obtained by 
omitting a portion of the operating record 
for the second 230-kv line from Chats 
Falls Generating Station to Leaside 
Transformer Station. This line, during 
this period of operation as a 2-terminal 
line, shows a 96 per cent correct relay 
operating record. The average per- 
centage then obtained for all four 230-kv 
circuits is 95.6 per cent. Thus the 230-kv 


system ground distance protection is be- 
lieved to compare very favorably with the 
more usual induction current applica- 
tion, especially so if carrier current is not 
used to improve performance of the latter 
type of protection. It is suggested that 
ground impedance relay protection should 
be seriously considered along with the 
more conventional solutions, when relay- 
ing requirements of comparable systems 
are under investigation. 
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Discussion 


W. A. Lewis (Illinois Institute of Tech- 
nology, Chicago, Ill.): High-speed relaying 
of ground faults on electric power systems 


_ has been a subject of considerable interest, 


although the importance of the quick clear- 
ing of ground faults involving only one 
conductor and ground is considerably less 
than that of clearing faults involving two or 
more phases, whether ground is involved or 
not. Several approaches to this problem 
have been suggested from time to time, and 
considerable attention has been given to 
various possibilities for distance relaying of 
ground faults during the development of 
high-speed relays. About the time that a 
comprehensive analysis of the problem was 
completed, as represented by reference 1 
of the paper, the use of carrier-current for 
high-speed relaying was perfected. 

Where stability considerations were of 
major importance, the use of carrier-current 
relaying was justified for clearing phase 
faults, and in such cases the use of distance 
relays for ground faults was seldom neces- 
sary. Accordingly, the use of distance 
relays for ground faults was not widely ac- 
cepted, and relatively few installations have 
been made. Satisfactory operation of sev- 
eral installations, however, has been ob- 
tained, as indicated in particular by refer- 
ence 4 of the paper. 

It is gratifying at this time to have further 
information regarding successful application 
of ground distance relays, as represented by 
the present paper, in spite of the fact that 
the connections of the relays described in 
this paper are not in accordance with the 
preferred method, as outlined in reference 1. 
Although the data given in the present paper 
are insufficient to make a comprehensive 
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analysis possible, it seems safe to say that 
the operating record described would un- 
doubtedly have been substantially better in 
several cases if the preferred method of 
connections had been used. 

Several comments regarding the present 
report appear to be pertinent. In Tables I 
and II of the paper the operations are classi- 
fied as correct or false, without regard to 
whether the operations were single-line-to- 
ground, double-line-to-ground, or three 
phase. For the method of connection used, 
it seems probable that the most nearly cor- 
rect operations would be obtained on single- 
line-to-ground faults, and more danger of 
false operation would exist on double-line- 
to-ground faults. If the faults were sub- 
stantially balanced 3-phase faults no opera- 
tion of the ground relays at all would have 
been expected, because of the substantial 
absence of zero-sequence current. There- 
fore, it would be particularly interesting to 
know whether the incorrect operations were 
encountered more frequently on double-line- 
to-ground faults, or on other types of fault. 

In the tabulation, it is not indicated how 
the type of fault was determined. Pre- 
sumably, the type of fault was classified by 
the record of relay targets, supplemented by 
examination of the line at the point of fault, 
and oscillographic record where it was 
applicable. Experience generally indicates 
that relay targets, alone, are not too reliable 
indications, because phase relays can be 
operated on severe ground faults, and two 
or more ground relays may sometimes show 
targets when the fault started single line to 
ground, and blew into a second phase only 
just before arc extinction. Conversely, it is 
sometimes possible for a fault involving two 
phases to operate a target on only one of the 
ground relays, because the shunting effect 
of the first target to operate limits the cur- 
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rent in the second target coil, so that it does 
not operate. Further comments regarding 
the method of classification of the type of 
fault would therefore be helpful in attempt- 
ing to evaluate the over-all operation of the 
relay system. 

The use of residual current to operate the 
distance elements, instead of the combina- 
tion current recommended by the analysis 
of reference 1 of the paper, opens up several 
possibilities for incorreet operation of the 
relays, but the likelihood of incorrect opera- 
tion depends to a large degree upon system 
conditions. For example, the mutual effect 
between circuits can be allowed for in the 
setting of the relays when all circuits are in 
service. If, however, one of two or more 
parallel lines are out of service when a fault 
occurs, the mutual effect is reduced or is 
absent completely, but with the connection 
used there is no compensating correction in 
the relays. Accordingly, overreaching of 
the distance elements would be expected 
when one or more of the parallel lines are 
out of service. Therefore, a poorer per- 
formance would be expected if faults oc- 
curred with one or more lines out of service 
than if all lines were in service at the time 
of fault occurrence. It would be interesting 
to know whether any of the false operations 
occurred during such system conditions 
that false tripping could be accounted for 
in this way. 

The analysis of reference 1 of the paper 
indicates several conditions under which in- 
correct or doubtful operation may be en- 
countered when the fault resistance is large. 
The record of good performance under rea- 
sonably normal system conditions, repre- 
sented by the paper, seems to indicate that 
the fault resistances on this system, repre- 
sented by arc resistance and tower footing 
resistance, must have been relatively low, 
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in comparison with the impedance of the 
line sections. 

Although the performance record indi- 
cated in this paper is not all that might be 
desired in some cases, it has been shown 
that many of the difficulties occurred when 
the system conditions were such that pre- 
cise settings could not be established. When 
allowance is made for the effects of multi- 
terminal lines, lack of compensation for 
mutual effects, and the use of residual cur- 
rent instead of the combination current 
recommended in the comprehensive analysis 
of reference 1, the performance obtained is 
decidedly encouraging. It may be con- 
cluded that distance ground relaying has a 
definite place in the relaying picture of long 
and moderate length high-voltage lines, 
particularly when it is difficult to justify the 
expense of carrier-current relaying systems. 
The authors should be commended for 
calling these extensive operating results to 
the attention of the industry. 


P. L. Dandeno: The authors appreciate 
the remarks of Dr. Lewis that no analysis 
was made for the case of double-line-to- 
ground faults and furthermore that of the to- 
tal false operations recorded, no breakdown 
as to whether these were single-line-to-ground 
or double-line-to-ground was indicated. 

It is evident that use of 3logr with Eag 
for double-line-to-ground faults gives a 
different result from that for the single-line- 
to-ground faults. Comparison with equa- 
tion 4 in the paper shows that for a double- 
line-to-ground fault 


Eye =a*herZier+alerZrer+loarZoar 


where 


Tier = —(hher+hoer) 


and 


Z 
Ther = Fe 


oer 
2GF 


Then, since Z2gr =Zigr, 


1516 


1GF 


Tie 
her= ~ (Fe +1 tor 


and dividing the first equation by 3loer 
gives 


Zoar+Zior \  aZoar , Zoar 
Zama 3 )+ 3 ar 3 


and assuming again that 


Zogr =3ZiGF 


7 
Zr= Zab a*Z,qr = —2.333a?Z, ar for phase B 
= —2.333aZ,¢r for phase C 


as compared to Zr=1.6Zier for a single- 
line-to-ground fault. 

Thus the setting for single-line-to-ground 
faults results in a different range where 
double-line-to-ground faults occur. Refer- 
ring to Table I for the 230 kv network 
analysis and noting the outages for the first 
circuit considered, we find that 3 per cent 
false operations occurred (two actual false 
operations). The first operation occurred 
under a double-line-to-ground fault condi- 
tion on an adjacent circuit; the second was 
probably correct but not desired. 

With reference to the second line con- 
sidered in Table I, it is noted that during 
the period of 3-terminal operation (during 
9 of the 13 years tabulated) that the ma- 
jority of the false operations occurred. The 
96 per cent correct record referred to in the 
conclusions during 4 years of 2-terminal 
operation gave only two false operations. 
One of these was caused by the tripping of 
circuit breakers in a parallel circuit with the 
fault falling within a definite time range of 
the unfaulted circuit, the possibility of 
which is indicated in Figure 7(B) of the 
paper. 

On the 4th circuit considered in Table II, 
the correct operations were 91 per cent of 
the total occurring. Of the two noncorrect 
operations one was probably due to poten- 
tial failure with the possibility of the phase 
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relays tripping during this same ifstance 
indicated. 

The method of deciding whether faults 
are single-line-to-ground or double-line-to- 
ground is 

1. By relay targets. 

2. Use of smoke charts or oscillographs. 

3. Visual inspection. 

In some cases where a _ single-line-to- 
ground fault was imdicated by relay targets © 
visual inspection with line patrol sttowed 
that two phases were involved. This diffi- 
culty in deciding whether a single-line-to- 
ground fault developed in a few cycles to a 
double-line-to-ground fault was several 
times evident when attempting to properly 
analyze the records. 

On the first 115-kv circuit considered in 
Table II for example, which showed 11.4 
per cent false operations (actual number =9) 
six were double-line-to-ground faults on a 
parallel number 2 circuit and one occurred 
when the same parallel circuit was out of 
service. Thus the increased setting for 
mutual effects would extend the range of 
both the instantaneous and definite time 
features. On the second 115-kv circuit 
considered two actual false operations were 
noted and one of these occurred when the 
parallel number 1 line was out of service, 

On the Niagara to Dundas number 1 line 
which showed relatively poor record (21.5 
per cent false), 12 total false operations 
occurred of which fowr were attributable to 
double-line-to-ground faults on the parallel 
circuit and two could be classified as correct 
but not desired. These few examples indi- 
cate that a good proportion of the 115-kv 
false operations are also attributable to 
double-line-to-ground faults. 1 

The effect of arc resistance which was 
neglected in computing the relay settings 
indicates that Re must have been relatively 
low in most cases, especially on the 230-kv 
circuits which all show a good record. It is 
admitted that using only 3Jogr has its limi- 
tations but its general simplicity and effec- 
tiveness are indicated in the 230-kv records 
in Table I. 


: 
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Synopsis: An experimental underwater 
repeater recently installed in one of The 
Western Union Telegraph Company’s trans- 
atlantic nonloaded telegraph cables in- 
creased the operating speed of the cable 
from 50 words per minute to 167 words per 
minute. The repeater is located 170 miles 
at sea in a depth of 270 fathoms which places 
it beyond the shallow coastal waters where 
disturbance levels are high. The cable be- 
yond the repeater is in deep water and free 
from disturbance so that signals alone are 
amplified and the signal-to-noise ratio at the 
terminal is greatly increased. The 3-stage 
amplifier and signal-shaping networks are 
mounted in a pressure-equalized steel case. 
Power for the repeater is supplied by recti- 
fiers at the cable terminal. The repeater 
includes a switch, under control of the ter- 
minal, by means of which spare vacuum 
tubes can be substituted or the cable can be 
cut directly through for operation without 
repeater. 


NTIL RELATIVELY recent years, 

the applications of electronics to 
submarine cables have been limited to 
equipments installed at the cable ter- 
minals. During the past decade, how- 
ever, there has grown an increasing 
awareness of the potentially great bene- 
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Western Union. The submerged repeater as a 
means for improving signal transmission on sub- 
marine telegraph cables was originally proposed by 
Harold F, Wilder. The major technical develop- 
ment role should be credited to Philip H. Wells, one 
of a small group of which the author is leader, which 
carried on the work through theoretical and lab- 
oratory transmission studies, design, construction, 
and service trials. 
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fits to be derived from the use of inter- 
mediate submerged repeaters. The initial 
proposals! and practical applications?’ 
of such devices have been in the field of 
wide-band circuits involving the use of 
new coaxial-type cables and repeater 
spacings of 50 miles or less. This paper 
describes an experimental installation of 
a submerged repeater in a long trans- 
oceanic cable, the first application of such 
a repeater to an existing low-speed d-c or 
noncarrier telegraph cable. 

The repeater was installed during 
September 1950 by the cable ship Cyrus 
Field on one of the Western Union Tele- 
graph Company’s North Atlantic cables, 
1PZ, extending from Bay Roberts, New- 
foundland, to Penzance, England. This 
cable, 2,148 nautical miles in length, has 
been operated in recent years with a 
signal-shaping vacuum tube amplifier at 
the receiving terminal, the cable station 
at Bay Roberts. Prior to the installation 
of the repeater, the westward simplex or 
l-way printer operating speed of the 
cable, limited by the interference level, 
was 50 words per minute. With a single 
repeater inserted in the cable at a point 
170 miles northeast of Bay Roberts, just 
beyond the Newfoundland Banks and ina 
depth of 270 fathoms, an operating speed 
of 167 words per minute was obtained. 


Transmission Factors of Submarine 
Telegraph Cables 


The principal factors which determine 
the satisfactory maximum operating 
speed of a submarine telegraph cable are: 
(1) the signal sending level, the over-all 
cable attenuation, and the level of ex- 
traneous disturbance or noise at the re- 
ceiving terminal—in combination the 
signal-to-noise ratio; (2) the inherent 
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heavy characteristic signal distortion and 
the degree to which it can be equalized at 
the terminals, while minimizing the sus- 
ceptiveness of the receiver to interfer- 
ence—conditions which are somewhat in- 
compatible and call for judicious com- 
promise; (3) on duplex-operated cables, 
the level of the residual duplex unbalance 
which adds to the interference and re- 
duces the signal-to-noise ratio. 

The signal-to-noise ratio, determined 
largely by the cable parameters and the 
specific electrical conditions surrounding 
the cable, can be controlled only in minor 
degree at the cable terminals. Charac- 
teristic distortion and duplex balance are 
also directly related to the cable param- 
eters but a considerable degree of con- 
trol or compensation can be applied at the 
cable terminals: for characteristic dis- 
tortion, a receiving signal-shaping net- 
work provides a characteristic approxi- 
mately the inverse of the cable charac- 
teristic; for duplex balance, an artificial 
line can be made to match the cable elec- 
trically to almost any desired degree of 
accuracy. 

In the past 15 or 20 years, signal- 
shaping amplifiers and duplex-balance 
methods and networks have been de- 
veloped to a point approaching a prac- 
tical limit of efficiency. These develop- 
ments have been applied generally in the 
Western Union cable system. This pro- 
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Figure 1. Attenuation of 1PZ cable 
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gram of terminal equipment improve- 
ments brought about higher quality signal 
transmission at increased speeds, A sig- 
nificant end result was the complete con- 
Western North 
Atlantic system from the traditional cable 


version of Union's 
code operation to 5-unit code printer 
operation, along with a net increase in 
message capacity of about 30 per cent. 
Vollowing completion of this program, it 
soon became evident that any further im- 
portant improvement of transmission on 
the existing nonloaded cables could be ob- 
tained only through measures applied 
directly to the cables and departing 
radically from previous practices, 

In the course of the developments just 
outlined, sending voltages had been in- 
creased to about double their original 
On transatlantic 
nonloaded cables, the signaling frequency 
can be inereased only 15 to 20 per cent 


conservative values, 


when the sending voltage is doubled, 
Brief consideration of this fact eliminates 
increased sending voltage as a means of 
obtaining substantial speed increases. 
In such a process, a condition hazardous 
to the eable insulation would soon be 
reached and serious difficulties with send- 
ing relay contacts would he 
tered, 


encoun. 


The continuously-loaded cables, de- 
veloped and laid in the decade ending in 
1930, are notable for the large reduction 
in attenuation gained from the use of 
permalloy and similar magnetic alloys, 
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Figure 2 (left). Profile of 
1PZ cable 


Figure 4 (right). Ratio of 

20-cycle disturbance, Ex, 

originating beyond any 

point in 1PZ X miles from 

Bay Roberts to total 20- 

cycle disturbance, Exp, at 
Bay Roberts 
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Furthermore, the loaded cables have ex- 
ceptionally low interference levels by 
reason of long bicore terminal sections in 
which the second core serves to carry the 
receiving earth to a point beyond the 
shallow coastal waters. The message 
capacities realized with the loaded cables 
were about four times the capacity of a 
typical nonloaded cable at that time. 

It was perhaps inevitable that con- 
sideration would be given to the ap- 
plication of long receiving earths and in- 
ductive loading to the existing nonloaded 
cables, Although re-examined periodi- 
cally, the long sea earth has remained 
comparatively unattractive. Large ex- 
penditures would be required to lay two 
new bicore end sections for each cable, 
since distances up to 100 miles or more are 
involved, Aside from the matter of costs, 
even though very low interference levels 
were obtained, a corresponding increase 
of signaling speed would not be possible 
because of conditions which limit the 


maximum practical gain of terminal 
amplifiers, These conditions include 


local noise from other electrical systems 
as well as effects inherent in high-gain 
amplifiers, 

Inductance loading could be applied to 
the nonloaded cables either by substi- 
tuting sections of continuously-loaded 
cable for nonloaded cable or by inserting 
loading coils at regular intervals. An in- 
vestigation of coil loading indicated that 
the design and the effective application of 
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submarine loading coils would be tech- 
nically feasible. It also appeared that a 
coil-loading system would be less costly 
than one utilizing continuous loading. 
However, considerations of cost and the 
out-of-service periods imposed on the 
cables during installation of coils would 
dictate a program of gradual installation 
incidental to routine cable repair opera- 
tions. At the normal rate of cable re- 
pairs, such a program would provide a 
substantial transmission improvement 
only after many years. As prospects be- 
came brighter for the development of a 
practical submerged repeater for low- 
frequency cable circuits, it soon became 
apparent that transmission improvements 
of the same order or even better than 
those available with coil loading could be 
obtained at lower cost and in a consider- 
ably shorter time. 


Principles Underlying the 
Submerged Repeater 


The. following discussion of the sub- 
merged repeater will be related specifi- 
cally to 1PZ cable for the sake of direct- 
ness, but the principles involved are of 
general application. 

1PZ, one of the slowest-speed cables 
of the Western Union system, was laid in 
1881. The original cable was of types 
350/300 and 450/270 (weight of copper 


Figure 3 (left). Attenuation of sinusoidal disturbance in seawater 


Figure 5 (below). Schematic diagram of repeater 
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Figure 6. Frequency-response characteristic 
of repeater 


and weight of insulation in pounds per 
nautical mile). Currently, original cable 
in the circuit is 428 nautical miles or about 
17 per cent. During repairs and re- 
newals, type 650/375 cable has been used 
extensively and is now the major type, 
about 39 per cent of the total length. The 
average age of the cable is 25 years. The 
attenuation of the cable, without re- 
peater, is given in curve A of Figure 1 


Figure 7. Signal power level chart for sine 
wave transmission on 7PZ cable: Curve A, 
without repeater; 6.25 cycles per second, 
corresponding to 50 words per minute; send- 
ing battery, 90 volts. Curve B, with repeater; 
20.83 cycles per second, corresponding to 
167 words per minute; sending battery, 60 
one volts 


At a frequency of 6.25 cycles per second, 
corresponding to a speed of 50 words per 
minute, the attenuation is 71 decibels; 
while the attenuation at 20.83 cycles, cor- 
responding to a speed of 167 words per 
minute, is 117 decibels. 

As used in this paper, signal frequency 
is defined as one-half the dot frequency. 
In 5-unit code printer operation on West- 
ern Union cables, signal impulses of unit 
length are so attenuated in transmission 
that they are essentially missing in the re- 
ceived signals. The receiving networks 
are adjusted for optimum reception of 
signals two units in length, and the miss- 
ing dots are interpolated synchronously. 
With respect to cable transmission char- 
acteristics, the fundamental sinusoidal 
component of the signal frequency is 
used. 

The profile of the ocean bed east from 
Newfoundland along the route of 1 PZ is 
shown in Figure 2. The cable profile is of 
particular significance with respect to the 
disturbance level on the cable.  Elec- 
trical disturbances originating in the at- 
mosphere and induced on the surface 
of the ocean are attenuated in propaga- 
tion downward through the seawater.® 
The attenuation increases with frequency 
as indicated by Figure 3, which gives the 
magnitude of attenuation per fathom for 
sinusoidal disturbances through the range 
of cable telegraph frequencies. Thus at a 
depth of 250 fathoms, 20-cycle disturb- 
ance has undergone attenuation of about 
80 decibels. Knowing the cable profile 
and assuming uniform distribution of 
potential on the surface of the ocean, the 
relative amplitude of the disturbance in- 
duced in various sections of the cable 
conductor can be evaluated. Summation 
of the sectional disturbances, taking into 
account the attenuation and phase char- 
acteristics of the cable, gives a relative 
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Figure 8. Pressure equalizer and cable 
entrance glands 


amplitude of total disturbance level at 
the cable terminal. For /PZ, with Bay 
Roberts as the receiving terminal, the 
curve of Figure 4 shows the portion of 20- 
cycle disturbance originating in the sec- 
tion of the cable beyond any point X 
miles from Bay Roberts. For example, if 
X is 150 miles, then of the 20-cycle dis- 
turbance level at Bay Roberts only 0.1 
per cent originates in the 2,000 miles of 
cable east of X. For distances greater 
than 150 miles, the residual disturbance 
decreases rapidly as indicated by the 
curve. An amplifier can be introduced in 
the cable 160 or more miles from Bay 
Roberts without appreciably increasing 
the terminal disturbance level. 


The Repeater 


Electrically, the repeater, shown sche- 
matically in Figure 5, comprises a 3-stage 
push-pull resistance-capacitance coupled 
amplifier with input and output trans- 
formers. A simple tuned signal-shaping 


Repeater chassis with components in place 


network precedes the input transtormer. 
Type 5693 tubes are used in all stages, 
with two tubes in parallel and operated 
as triodes in each side of the output stage, 
providing theoretical undistorted output 
of 0.25 watt. The effect of the output 
transformer circuit is to reduce the net 
output of the repeater to somewhat less 
than 0.25 watt. The required signal out- 
put is determined principally by the low- 
frequency components of the signals. 

The receiving or input-earth connection 
of the repeater is carried back along the 
cable for some distance through a bicore 
section and earthed on the armor wires. 
The repeater case and adjacent cable 
armor are utilized for the other earth 
connection. This arrangement was pro- 
vided to avoid feedback troubles which 
might develop with an earth connection 
common to the input and output circuits 
of the repeater. 

The power requirements of the re- 
peater, 0.32 ampere at 125 volts, are sup- 
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Figure 10 (left). 
Vacuum tube unit 


Figure 12 (above). 
Cable entrance 
gland 


? 


plied from Bay Roberts over the single 
cable conductor which also serves as the 
signal transmission medium. The im- 
pedance of the power supply is relatively 
high, including resistance of 550 ohms 
at the terminal and 170 miles of cable 
having resistance of about 295 ohms. 
This condition tends toward repeater 
instability which is heightened by the 
narrow range available for discrimination 
between power supply and the low-fre- 
quency signal components. Measures 
taken at the repeater to provide stable 
performance include a high-capacitance 
bypass, careful selection and matching 
of vacuum tubes, and utilization of nega- 
tive feedback. 

The frequency-response characteristic 
of the repeater, Figure 6, increases with 
frequency to a maximum at about 42 
cycles per second where the gain is 67 dec- 
ibels. With the repeater in circuit, the 
over-all frequency-attenuation charac- 
teristic of PZ is as shown in curve B of 


Figure 11 (left). 
Repeater switch 


Figure 


entrance chamber 
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13 (right). 
External view of re- 
peater showing cable 


Figure 1. The transmission benefit — 
derived from the repeater is strikingly 


illustrated by the level charts of Figure 7. — 


Curve A shows the circuit levels without — 


repeater and with sending battery of 90 
volts for sine wave transmission of 6.25 
cycles per second (operating speed, 50 
words per minute). For curve B, with re- 
peater, the sending battery is 60 volts and 
the frequency is 20.83 cycles (operating 
speed, 167 words per minute). The dis- 
turbance level indicated on the chart re- 
fers to disturbance of natural origin and is 
the same for the two conditions. No 
change of disturbance level is observed 
at Bay Roberts when the repeater is 
switched into the circuit. Crossfire re- 
sulting from a crossing with another cable 
some distance east of the input side of the 
repeater was effectively reduced by a low- 
pass filter in the sending circuit of the of- 
fending cable. It is of interest to note 
that without repeater, the received level 
of 20.83-cycle signals would be 27 dec- 
ibels below the disturbance level. On 
the other hand, to obtain a satisfactory 
receiving level at 20.83 cycles without 
repeater, a sending level of plus 85 dec- 
ibels (316 kw) would be required. It is 
important that the required output level 
at the repeater be low because of the 
limitations imposed by available vacuum 
tubes and by the power supply. To 
satisfy this requirement, the repeater 
should be located as near to the receiving 
terminal as consistent with natural and 
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Figure 14. Repeater on board ship with 
cable attached 


crossfire disturbance conditions. Aside 

- from considerations of signal power level 
at the repeater, the power supply voltage 
imposed on the cable at the terminal in- 
creases as the repeater is moved away 
from the terminal by reason of the greater 
voltage drop in the cable. 

The repeater includes a rotary ratchet- 
stepped switch which has two principal 
functions: (1) to disconnect the repeater 
and join the cable through for operation 
without repeater or for cable testing pur- 
poses; (2) to “‘swap’’ vacuum tubes in the 
event of a tube failure. Three complete 
sets of tubes are provided and can be 
utilized in 18 different combinations. The 
switch is operated as required from Bay 
Roberts by trains of 60-cycle sine waves. 
The operating winding of the switch, in 
series with a capacitor, is permanently 
connected from cable to ground at the re- 
peater. 


Mechanical Design of the Repeater 


Since it was planned to install the re- 
peater in a depth of between 200 and 300 
fathoms, the major requirement to be met 
in the mechanical design was suitability 
for extended operation under hydro- 
static pressures up to 750 pounds per 
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square inch. Components for low-fre- 
quency communication equipments are 
inherently bulky. It thus appeared inad- 
visable to attempt to design a housing of 
the size required in which the interior 
would be at or near atmospheric pressure. 
Instead the repeater is filled with oil anda 
pressure equalizing bellows automatically 
adjusts the internal pressure to the ex- 
ternal pressure within a few pounds per 
square inch. The equalizer comprises a 
tandem arrangement of a piston-cylinder 
and a bellows, Figure 8, both of corrosion- 
resistant metals. The outer end of the 
cylinder is sealed to the cover plate of the 
housing while the inner end opens into the 
bellows. A hole in the cover plate admits 
seawater to the outer end of the cylinder 
and a piston transmits the external pres- 
sure to the oil which fills the remainder of 
the cylinder and the bellows. In turn the 
bellows transmits the pressure to the oil 
within the housing. The equalizer has 
sufficient capacity to take up any small 
voids resulting from incomplete filling of 
the housing and to compensate for the 
relatively large volumetric temperature 
coefficient of the oil. At sea bottom, par- 
ticularly in areas and depths involving 
arctic currents, the temperature may be 
as low as 30 degrees Fahrenheit. To 
minimize the change of volume and thus 
the capacity of the equalizer, metal filler 
is utilized to reduce the amount of oil re- 
quired. 

Since the external-internal pressure’ 
differential is small, a gasket of synthetic 
rubber provides an adequate seal be- 
tween cover and case. 

The repeater components are mounted 
on a rectangular chassis, Figure 9, oc- 
cupying a space approximately 10 inches 
by 1l inches by 26 inches. Certain of the 
components are subjected directly to the 
full hydrostatic pressure. These are: 
(1) The capacitors which, with the excep- 
tion of small bypass capacitors, are all of 
the oil-filled paper-foil type; (2) the in- 
ductor and the transformers which are of 
the wound-core type, having windings im- 
pregnated with Acme Compound; and 
(3) most of the resistors which are wire- 
wound and spiral metal-film types. 


The vacuum tubes are in standard 
metal-shell bulbs which are not of sufh- 
cient strength to withstand the hydro- 
static pressure encountered. The tubes, 
together with certain related resistors, are 
mounted in steel cylinders, six tubes to a 
cylinder. Figure 10 shows a tube cylinder 
and a completed tube chassis, ready for 
insertion. In completing the assembly, 
steel plugs are pressed into the ends of the 
cylinder, and fins on the plugs are soldered 
to corresponding fins on the cylinder. 
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bow 


Figure 15. 


Repeater passing over 
sheaves 


Connections are brought out through 
high-pressure terminals in the end plugs. 
Four tube cylinders are provided, one 
each for the first and second stages, and 
two for the output stage. 

The rotary switch, Figure 11, also is 
enclosed in a cylinder identical in design 
with the tube containers, except that it is 
somewhat longer. The switch operating 
mechanism is balanced so that it will func- 
tion in any position. 

The repeater chassis is fastened to the 
cover plate. The two cable leads and the 
receiving-earth lead are brought out 
through glands mounted in the cover 
plate as shown in Figure 8. The monel 
metal parts of a gland and the compo- 
nents of a high-pressure terminal used at 
the inner end of the gland are shown in 
Figure 12. In assembling the gland, a 
short piece of standard polyethylene 
cable core is used. A “‘pudding”’ of the 
same insulating material is formed near 
one end of the stub and this enlarged 
section is inserted in the outer portion of 
the gland which is then sealed by means 
of a packing nut. Within the gland the 
cable conductor is spliced to a smaller 
wire which extends through the high- 
pressure terminal at the inner end of the 
gland into the repeater chassis. A rigid 
insulating sleeve surrounds the bare con- 
ductor in the lower part of the gland. 
Before sealing off the high-pressure ter- 
minal, the voids within the gland are 
filled with vistac. 

As shown in Figure 13, a cable en- 
trance chamber is mounted on the top of 
the cover plate. Holes (not shown in this 
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Figure 16. Ready to lower repeater and pay 
out cable 


photograph) are provided in the end 
channels for the entrance of fully armored 
cable stubs, one in each channel. A con- 
centric circle of small holes permits the 
individual armor wires to be looped back 
through the channel and firmly secured 
to the cable. The cores of the stubs are 
spliced to the gland cores within the en- 
trance chamber. Side plates and a top 
plate complete the enclosure of the 
chamber, allowing entrance of seawater 
but protecting the unarmored cores within 
from mechanical damage. A heavy 
lowering eye on the top plate provides a 
means of eliminating hazardous strains on 
the cable at the points of attachment to 
the repeater. For each of the two cable 
stubs, a chain extends out from the eye 
followed by a stranded steel rope which is 
spliced to the cable armor about 15 feet 
from the repeater in a manner to allow 
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some slack in the cable between that 
point and the repeater. 

The repeater case proper is 12 inches 
wide by 11 inches deep and the corre- 
sponding dimensions of the cable entrance 
chamber are somewhat larger. The 
over-all length is about 51 inches. The 
complete repeater weighs 1,140 pounds. 


Installation of the Repeater 


At best, the operations involved in 
splicing a structure of the size and weight 
of the repeater in a submarine cable and 
placing it safely on the bed of the ocean 
depart considerably from the normal 
operations of cable ships. Unfavorable 
weather conditions introduce further com- 
plications. In one method, perhaps the 
least difficult, the ship would pick up the 
cable as in normal repair operation, heav- 
ing to at the planned repeater location 
with both ends of the cable on board. 
After completion of the splices, the re- 
peater would be lowered. This procedure 
is not desirable, however, because the re- 
sulting slack cable might loop on the 
bottom so as to cause feedback effects in 
the repeater. Such effects are avoided in 
the method actually used. The cable was 
picked up at a point more than a mile east 
of the repeater location and the end of the 
eastward section was buoyed. The ship 
then proceeded to the repeater location, 
picking up the intervening cable. At that 
point, the cable was cut and the required 
splices were made. In Figure 14, the re- 
peater is ready for laying following com- 
pletion of the splices. The repeater was 
then lowered over the bow sheaves, Fig- 
ures 15 and 16, the ship got under way 
and, paying out cable as in a normal re- 
pair operation, proceeded to the buoy 
where the final splice was made. In this 
method, once the repeater is free of the 
ship its weight is supported by the cable, 
except in the short sections on either side 
of the repeater where the load is trans- 
ferred to the steel cable and chain ar- 
rangement described previously. The 
absence of strain on the cable adja- 
cent to the repeater is clearly indi- 


SWITCHING F 
Figure 17 (left). 
Receiving terminal 


and repeater power 
supply circuit 


Figure 18 (right). 
Power supply and 
control equipment 


cated in Figure 16. It is desirable 
that the position of the final spli¢e be 
sufficiently distant from the repeater to 
insure that the repeater is resting on the 
bottom and is not in suspension during 
the final splicing operation. That the 
measures described were fully effective is 
confirmed by the fact that after the re- 
peater was first lowered to the bottom, it 
was successfully picked up and brought . 
on board ship. The installation was car- 
ried out under rather unfavorable weather 
conditions and the final result is indeed a 
tribute to the staff and crew of the cable 
ship, where skill and efficiency of a high 
order are traditional. 


The Terminal Equipment 


The receiving terminal circuit at Bay 
Roberts is shown schematically in Figure 
17. The arrangement is similar in general 
to a standard duplex cable terminal, ex- 
cept that the bridge arms are resistors 
instead of capacitors. Power for the re- 
peater is supplied by rectifiers and fed 
into the apex of the bridge, while a stand- 
ard signal-shaping amplifier is connected 
across the diagonal of the bridge and 
functions in the usual manner. The 
bridge is balanced by an artificial line 
which simulates the section of cable be- 
tween the terminal and the repeater and 
the impedance of the repeater ta ground so 
that the terminal amplifier is unaffected 
by noise components in the power circuit. 
Since the current required at the repeater 
is 0.32 ampere, the drop in the bridge arm 
and cable totals approximately 275 volts 
and an electromotive force of about 400 
volts normally is applied between apex 
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and.ground to produce 125 volts at the 
repeater. Automatic controls maintain 
the power current at a constant level de- 
spite power voltage fluctuations and in 
the presence of a wide range of earth 
potentials. When earth potentials exceed 
the range of the controls or if for any 
other reason the power current approaches 
a predetermined safe limit, a circuit 
breaker fiunctions to protect the repeater. 
The rack-mounted installation of recti- 
fiers and control equipment is shown in 
Figure 18. i 


Conclusion 


Thus far only one repeater has been 
constructed. It was installed without 
having been tested previously under 
hydrostatic pressure because pressure- 
testing equipment was not immediately 
available and because early operating 
trials were desired. During the service 
tests, the predicted speed of 1,000 letters 
(167 words) per minute was obtained 
without difficulty and excellent perform- 
ance has been obtained in traffic opera- 
tion as part of a London-New York vario- 
plex circuit. The soundness of the prin- 
ciples upon which the development was 
based has been fully confirmed, justifying 
plans for further development and ap- 
plication of the repeater. As might be ex- 
pected, certain improvements of both 
the repeater and the terminal control 
equipment have been suggested by the 
experience with this initial installation. 
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The most important, perhaps, is that 
future repeaters should be suitable for in- 
stallation in greater depths. Present in- 
dications are that, on the input side of the 
repeater, it is desirable to avoid nearby 
crossings with other cables because of 
crossfire conditions. On congested cable 
routes most of the crossings occur in the 
two coastal areas. In general, repeaters 
should be located beyond the crossings at 
the receiving end of the cable. The cross- 
ings near the distant, sending end are un- 
important from the standpoint of cross- 
fire, since the signal level in that section of 
the cable is very high. On many cables, 
as compared with the installation on 
1PZ, such a requirement can be fulfilled 
only by installation in deeper water and at 
greater distances from the receiving ter- 


minal. The cables suited to application of 


repeaters are of various lengths and types 
so that there is a relatively wide diver- 
gence in transmission characteristics 
among individual cables. For this reason, 
repeater design cannot be standardized in 
all respects. For example, the optimum 
signaling speed of an individual cable de- 
pends upon the cable characteristics and 
the terminal disturbance level, and the de- 
sign of the repeater network must be care- 
fully predetermined for the chosen speed 
since there is no opportunity for readjust- 
ments after installation. 

There is no experience upon which to 
base predictions of repeater life. It can 
be expected confidently that longer life 
will be realized as designs are refined and 
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improved components become available. 
In any case, aside from the cost of manu- 
facturing a repeater, the cost of an in- 
stallation is little more than the cost of a 
routine cable repair operation. It ap- 
pears, therefore, that while an ultimate 
life of 5 to 10 years or more is desirable 
and probably can be achieved, the in- 
crease in signaling speed is large enough to 
support renewals at intervals of two years 
or less. 

A project now actively under way pro- 
vides for installation as rapidly as prac- 
ticable of nine additional repeaters in 
Western Union’s North Atlantic cable 
system. Upon completion, four cables 
between Newfoundland and the British 
Isles and one New York-Newfoundland 
cable will be equipped for reversible high- 
speed operation. 
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Synopsis: The Hot Spot Rise Simulator 
provides a means for obtaining improved 
accuracy and dependability in the indica- 
tion of hot-spot temperatures in electric 
power equipment. When used in connec- 
tion with the operation of transformers, it 
avoids the difficulties experienced with 
earlier types of hot-spot indicators by re- 
stricting the apparatus mounted within the 
transformer to a rugged thermojunction and 
by limiting the remaining equipment to a 
thermocouple potentiometer and the Rise 
Simulator device itself. To insure that this 
method would not lead to large errors under 
extreme ambient temperature conditions, 
calculations were made of the effects of 
variations in top-oil temperature and load 
current over a wide range. The errors so 
calculated are less than the probable uncer- 
tainty inherent in the determination of hot- 
spot temperatures from heat run data. 


HE NEED for accurate indication of 

hot-spot temperatures under both 
steady-state and transient conditions is 
well known. This applies to rotating 
machines and cables as well as to trans- 
formers, although the latter appear to 
have received most attention in this re- 
spect. In spite of the greater attention 
toward the transformer problem, the re- 
sults generally have been unsatisfactory. 


Hot-Spot Temperatures in 
Transformers 


' The hot-spot temperatures occur in the 
upper part of transformer coil assemblies 
where the oil temperature is highest and 
in particular at those points where the 
winding is least exposed to the circulating 
oil. The winding rise over the oil has rel- 
atively fast transient characteristics 
compared with the rise of the oil over the 
ambient air or cooling water. The former 
has a time constant of the order of five 
minutes, in a particular case, compared 
with over two hours for the latter. For 
this reason, problems involving over-all 
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rise of the winding are most clearly under- 
stood when this rise is looked upon as the 
sum of the oil rise over the ambient tem- 
perature and hot-spot rise over the oil. 
The steady-state top-oil rise over the 
cooling water in a water-cooled trans- 
former is the sum of the following items: 
1. Average temperature of ingoing and 


outgoing water minus the temperature of 
ingoing water. 

2. Temperature rise from average water to 
cooling coil. 

3. Temperature rise from cooling coil to 
average oil. 

4. Temperature rise from average oil to 
top oil. 

The first item 1 is subject to variation 
due to changes in the rate at which cooling 
water is supplied. Item 2 is subject to 
changes resulting from accumulation of 
lime deposits on the inside of the water 
passages and to changes in the velocity 
of the water through the tubes. Item 3 
is subject to changes due to accumula- 
tions of thermal insulating material on the 
outer surface of the cooling coils and to 
changes in oil velocity and viscosity, 

In an air-cooled transformer, the items 
1, 2, and 3 are average temperature of the 
air entering and leaving the radiators 
minus the temperature of the entering 
air, temperature rise from average air 
to radiator, and temperature rise from 
radiator to average oil, respectively. 
In like manner, these are subject to varia- 
tion from causes such as change in wind 
velocity or direction, rain, sleet, and oil 
viscosity and velocity changes. Item 4 in 
each case may be considered to be half 
the difference between the top-oil and 
bottom-oil temperatures. 

Under normal steady-state conditions, 
the temperature rise of any part of the 
winding over the adjacent oil depends 
upon the current density, the copper re- 
sistance, the thermal resistance of the in- 
sulation, and the oil velocity and vis- 
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cosity. Since variations in copper re- 
sistance and oil viscosity, due to tempera- 
ture differences between the top and 
bottom of the tank are very small, the 
temperature rise of any part of the wind- 
ing over the adjacent oil may be taken as 
the same for all parts of the winding for 
well-designed transformers, with the pos- 
sible exception of transformers with 
graded high-voltage insulation. Calcula- 
tions made on the effect of spacers in- 
dicate that they are not likely to cause 
local heating by more than a small frac- 
tion of a degree. On this basis, then, the 
hot-spot rise above top-oil temperature 
equals the average copper rise above the 
average oil temperature, and the hot-spot 
rise above the average copper tempera- 
ture equals the top-oil rise above the 
average oil temperature or half the dif- 
ference between the top and bottom oil 
temperatures. 

For transformers depending upon ther- 
mal-syphon movement of oil, this dif- 
ference seems to be of the order of 10 de- 
grees centigrade as is recognized by the 
Canadian and American standards'? 
in that they specify a maximum value of 
average copper rise 10 degrees centigrade 
less than that allowed for the hot-spot 
rise. It is probably from these standards 
that the present method of calculating 
hot-spot temperature has arisen. This 
addition of an arbitrary 10 degrees to the 
measured average copper rise at rated 
load to obtain the hot-spot rise is also ap- 
plied to forced-oil-cooled transformers. 
For these, however, it is scarcely justi- 
fiable since the drop through their cooling 
system may be as low as 5 degrees centi- 
grade so that the top-oil rise is only 2.5 
degrees greater than that of the average 
oil. The British Standards® specifies in 
effect the same allowance of 10 degrees 
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centigrade for self-cooled transformers, 
but only 5 degrees centigrade for those 
with forced-oil cooling. It is understood 
that it was consideration of these hot- 
spot matters which led the British Stand- 
ards Institution to allow this higher 
avetage-copper rise with forced-oil cool- 
ing. 

In view of the afore-mentioned reason- 
ing, it is thought that it is more accurate 
to consider the hot-spot to be equal to the 
average copper temperature plus half the 
difference between top and bottom oil 
temperatures with the addition of a small 
allowance of the order of 2 degrees centi- 
grade to allow for poorer exposure of the 
copper to the circulating oil in certain 
parts of the winding, rather than to be 
equal to the average copper temperature 
plus an arbitrary 10 degrees centigrade. 

Since the hot-spots occur in the copper 
conductors, which are at high potential 
above ground, it is not possible to meas- 
ure these temperatures directly under 
operating conditions. The hot-spot tem- 
perature for a particular transformer is 
determined on the basis of the foregoing 
considerations applied to the average 
copper rise and the oil temperature rises 
obtained from the heat run data taken 
at the time of the acceptance tests. It is 
usual, therefore, to employ some device 
which will indicate the hot-spot tempera- 
ture as accurately as possible by some 
form of indirect measurement after the 
device has been adjusted to be in agree- 
ment with the calculated hot-spot values 
for the particular transformer. 


Common Types of Hot-Spot 
Indicators 


Most of the hot-spot indicators used on 
this continent are of the internal thermal 
image type. These are so called because 
they measure the temperature of a ther- 
mal image of the hot-spot mounted in the 
oil within the transformer. A thermom- 
eter bulb, placed in the top oil, is sur- 
rounded by a heater through which is 
passed a current proportional to the 
transformer load current. This current is 
obtained from a current transformer 
mounted in one of the bushings. To be 
satisfactory, such a device must meet two 
basic conditions. It must reach the same 
steady-state temperature as the hot spot, 
and must reach it according to the same 
transient law so that the indication will be 
correct at all times under changing load 
conditions. That is, the device must 
have the same ultimate rise and the same 
time constant as the hot spot above the 
oil for any given load on the particular 
transformer. 
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The ultimate rise of the heater over the 
adjacent oil is a function of its electrical 
resistance, the current in it, and the 
thermal resistance between it and the 
oil. Thus, the correct ultimate rise may 
be obtained by picking two of these 
variables more or less arbitrarily and 
choosing the third to match the particular 
transformer. In practice this is usually 
done by using a standard heater with a 
standard amount of thermal insulation 
(lagging) and adjusting the current- 
transformer ratio by taps to get the de- 
sired ultimate rise. 

The time constant of a metallic heater 
surrounded by thermal insulation is the 
product of the thermal capacitance of the 
metal and the thermal resistance of the 
insulation. This is true fora good thermal 
conductor surrounded by a good thermal 
insulator which has negligible thermal 
capacitance compared to that of the 
metallic part. However, the thermal 
picture is often complicated by the prac- 
tice of using a very heavy thermal lag- 
ging on the heater, and of immersing the 
heater assembly in an oil-filled well in the 
top of the transformer. This has the 
effect of making the thermal capacitance 
of the insulation anything but negligible. 
This in turn means that the heating curve 
will not be a simple one to which a single 
time constant can be meaningfully as- 
signed. 

In contrast with the internal image 
there is the external thermal image type 
of hot-spot indicator. This is well known 
in Europe. As the name implies, it at- 
tempts to reproduce a complete thermal 


‘image of the hot spot with apparatus 
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mounted entirely outside the transformer. 
This requires that not only the rise of the 
hot spot over the top oil, but also the rise 
of the top oil over the ambient air, or 
cooling water, be reproduced artificially 
in the device. Even if this device were 
not subject to errors due to variations in 
conditions affecting the oil rise over the 
ambient air or cooling water, it would 
still be open to the objection that it is not 
the rise of the hot spot over the ambient 
which limits the allowable load, but the 
actual or total temperature which is the 
sum of this rise and the ambient tem- 
perature. 


Difficulties With Thermal Image 
Indicators 


To service internal thermal image in- 
dicators, the transformer must be de- 
energized, and with many models, the oil 
must be lowered. The difficulty of get- 
ting a power interruption for such work 
under today’s loading conditions is a 
matter of common experience, and un- 
fortunately, these internal thermal image 
devices do seem to need a considerable 
amount of servicing. On the other hand, 
the external thermal image type, and the 
rise simulator type of indicator to be de- 
scribed, do not suffer from this difficulty, 
and moreover, they do not require as 
much servicing as the internal image 
type. The types of internal thermal 
image indicators available commercially 
in the past have a fixed time constant 
which is at best only a rough approxima- 
tion to that of the hot-spot rise over the 
oil. 

The high-current low-voltage heaters 
frequently used in the internal image 
type also have given trouble. Increases 
in the resistance of the electrical connec- 
tions to these heaters has resulted in in- 
creased burden on the current transformer 
with resultant error in the thermal image. 

Theoretically, the internal thermal 
image type of indicator possesses one 
distinct advantage over all other types. 
This is in the matter of sensitivity to oil 
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Figure 2 (above). The hot-spot rise simulator 


Left, cover on; center, cover off, 10-minute time constant; right, 
cover off, 2.6-minute time constant 


Figure 4 (right). 
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Internal wiring of hot-spot rise simulator, 


showing thermocouple leads, miniature terminal board for rough 
adjustment of output, and thermal gradient strip for fine adjustment 


velocity. If the thickness and type of 
thermal insulation on the internal image 
were the same as that of the winding and 
if the watts dissipated per square inch of 
surface were also the same, then the ef- 
fect of oil viscosity and velocity should be 
the same for the image as for the hot spot 
itself. Then, if in addition, the image and 
the hot spot were so situated as to be ex- 
posed to the same oil velocity, they would 
behave identically under all conditions of 
oil flow. In practice, the image usually 
has a much heavier insulation than the 
winding, is usually placed in a position of 
very low oil velocity, and sometimes is 
even purposely protected from the effects 
of oil velocity by the use of a deflector 
tube. Thus it seems that although this 
theoretical advantage exists, it is not 
realizable in practice. 

Another aspect of the internal thermal 
image type which is found particularly 
annoying is the fragile nature of the 
alarm contacts usually supplied on the 
thermometer. Most of these contacts 
have been found to be quite unreliable 
and many were such as to prevent the 
pointer reading higher than the alarm 
setting. The thermometers too, which are 
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usually the vapor-pressure type, have 
given considerable trouble. If defective, 
they must be replaced as a unit and this 
is often very difficult in the field. 

Unless special provisions are made 
when the transformer is manufactured, 
the calibration of the internal thermal 
image indicator cannot be accurately 
checked in the field. However, it was 
found possible to overcome this difficulty 
by specifying that the hot-spot indicator 
current transformer be provided with an 
auxiliary winding, the terminals of which 
are brought out to a junction box at 
ground level. This winding is specified to 
be such that 5 amperes in it corresponds 
to the rated load current of the power 
transformer. In addition, a thermojunc- 
tion was required in the internal image to 
measure its temperature. With these 
extras, the correct operation of the heater 
and the thermometer could be checked 
quite conveniently on a transformer if it 
could be taken off load. 

An unexpected, but very real drawback 
associated with the internal image in- 
dicator is the time and effort required to 
adjust it in the factory. Frequently, the 
shipping date of urgently-needed trans- 
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Figure 3. Construction of hot-spot rise simulator assemblies 


1526 


Book, Mason—The Hot Spot Rise Simulator 


HOT JUNCTION ASSEMBLY 


8-9 10-11 
O 


formers has been delayed for days be- 
cause of troubles in setting the indicator 
correctly. The extra time involved in 
these delays is a major annoyance to both 
the manufacturer and the purchaser. 

The external thermal image indicator 
avoids many of the above difficulties, but 
suffers irremediably from two of its own 
particular troubles. First, it is funda- 
mentally an indicator of rise rather than 
actual temperature, and second, it must 
incorporate two time constants, one of 
which has a value of several hours. These 
two drawbacks appear to condemn it as a 
practical transformer hot-spot indicator. 


The Hot-Spot Rise Simulator 


Although they are intended to protect 
expensive equipment from damage due to 
overheating, the transformer hot-spot 
indicators, normally available, leave much 
to be desired. Their construction, ad- 
justment, and operating record do not 
inspire the confidence usually associated 
with protective equipment. 

Realization of this state of affairs led to 
the development of the hot-spot rise 
simulator. The goal was the production 
of a reliable instrument which could be 
tested and adjusted in the field by the re- 
lay engineer in the same way that he 
tests and adjusts an ordinary protective 
relay. Work was begun in 1946, and the 
first installations were made early in 
1947 at two stations in the Niagara Re- 
gion of The Hydro-Electric Power Com- 
mission of Ontario. Subsequently, the 
physical form was modified slightly to 
make it more suitable for widespread ap- 
plication. All major power transformers 
purchased by the Commission since early 
1950 are being equipped: with these de- 
vices. 

The hot-spot rise simulator avoids the 
difficulties of both the internal and ex- 


AIEE TRANSACTIONS 


rie 


MILLIVOLTS 


0.5) 


° 
rs 


AMPERES 


HEATER CUR 


01 


DISTANCE FROM 


Figure 5. 


ternal thermal image types of indicator, 
The only component mounted within the 
transformer is a rugged copper-constantan 
thermo-junction which requires no at- 
tention. The remainder of the equipment 
is external, consisting only of the rise 
simulator and a thermocouple potenti- 
ometer with cold junction compensator. 
The external thermal image types of 
hot-spot indicator attempt to produce a 
temperature equal to that of the actual 
hot spot and then measure this tempera- 
ture with some kind of thermometer. In 
contrast to this, with the rise-simulator 
type of indicator, some form of thermo- 


electric transducer is used to convert the 


top-oil temperature to an electrical quan- 
tity, and to this is added a similar type of 
electrical quantity representative of the 
rise of the hot spot over the top-oil. The 
sum of these represents the hot-spot tem- 
perature. In the rise simulator to be de- 
scribed, the electrical quantity used is the 
electromotive force produced by thermo- 
couples. The device producing the 
electromotive force representative of the 
hot spot over top-oil simulates this tem- 
perature rise in the form of an electromo- 
tive force. Hence the name: rise simu- 
lator. The word compensator describes 
its action more exactly because it com- 
pensates the output of the top-oil ther- 
mojunction for the hot-spot rise over top- 
oil. 

For this reason when the device was 
first developed, it was called a thermo- 
couple hot-spot compensator, but use of 
this name led to confusion between the 
device itself and the cold junction com- 
pensator of the thermocouple potenti- 
ometer used as an indicating instrument. 
Accordingly, this name was dropped in 
favour of hot-spot rise simulator in spite 
of the undeserved implication of the name 
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as something not quite as good as the 
real thing. 

The hot-spot rise simulator works on 
the principle of adding to the output of a 
top-oil thermocouple, an electromotive 
force representing the temperature rise 
of the hot spot over the top-oil (Figure 1). 
Its physical form is shown in Figure 2. 
It derives its input from a current trans- 
former in one of the leads from the power 
transformer whose hot-spot temperature 
is to be indicated. This current trans- 
former is usually a ring type installed in 
one of the transformer bushings. The 
input current corresponding to rated load 
on the transformer usually lies between 2 
and 5 amperes. The output millivoltage 
may be set to any value from zero to that 
corresponding to a hot-spot rise of 25 
degrees centigrade for an input current of 
2 amperes or more. The time constant is 
adjustable by the addition or removal of 
metal blocks to or from the thermojunc- 
tion assemblies. The minimum time 
constant is 2.6 minutes and blocks are 
available to give time constants of 5, 10, 
15, 20, 25, and 30 minutes. The output 
of the rise simulator is connected in series 
with the copper lead from the top-oil 
thermojunction to the thermocouple po- 
tentiometer as shown in Figure 1. 

It has been learned that another form 
of hot-spot rise simulator was developed 
in Germany during World War II.4 The 
essential difference in the two methods is 
that the German device used electrical 
resistance instead of electromotive force 
as the quantity representing temperature. 
The thermocouple type has definite ad- 
vantages over the resistance type not only 
because thermocouples have been found to 
be preferable to resistance-type tempera- 
ture detectors for electric equipment in 
general, but also because of the neat con- 
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struction their use makes possible in the 
simulator. 


The actual indicating device to be used 
with a hot-spot rise simulator and top-oil 
thermojunction depends somewhat upon 
the particular installation. A manually 
balanced potentiometer is usually the 
most desirable type of indicator for use in 
small stations where an operator is in 
attendance, but some types of direct de- 
flection instruments can be used if these 
are preferred. Installation of a self- 
balancing potentiometer for a_ single 
transformer bank would make the cost of 
the rise simulator installation greater than 
that of an internal thermal image type, 
but much of this increased cost can be 
written off against the increased con- 
venience and reliability. For larger sta- 
tions, where one indicator is shared be- 
tween several transformer banks, the cost 
is of the same order as for the internal 
image type. There also is the advantage 
that a simple switching arrangement al- 
lows the top oil temperature as well as 
that of the hot spot to be recorded in the 
control room on the same instrument. 


Construction 


The hot-spot rise simulator has no 
moving parts and is designed to ensure 
years of service without maintenance ex- 
penditures of any kind. ‘The only ma- 
terials used in the assemblies are rust- 
proof metals and sheet mica. The func- 
tional components consist of two physi- 
cally identical assemblies placed one 
above the other inside a protecting metal 
case, Figure 2. Each assembly com- 
prises a length of resistance ribbon about 
which are clamped a number of thin metal 
strips, Figure 3. These are insulated from 
each other and from the resistance ribbon 
by mica sheets in such a way that all parts 
of each assembly are in intimate thermal 
contact but are electrically insulated from 
one another. The upper assembly carries 
in its resistance ribbon a current propor- 
tional to the load current in the windings 
of the transformer. The lower assembly 
carries no current, but is made identical to 
the upper assembly to eliminate errors 
which would otherwise be introduced 
when the surrounding air temperature 
changes. With this construction, no 
matter how the air temperature is chang- 
ing, the upper assembly will be warmer 
than the lower assembly by an amount de- 
pending only upon the current in the 
windings of the power transformer. 

The metal strips clamped between the 
mica in the warm and cold assemblies 
serve as connecting junctions for the cop- 
per and constantan wires, Figure 4. 
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Thermocouples are thus formed in series 
proceeding from the negative output ter- 
minal towards the positive, with copper- 
to-constantan junctions at the lower as- 
sembly strips, and constantan-to-copper 
at the upper strips, ending with copper at 
the positive output terminal. For ease 
of adjustment in the field, taps are taken 
from each of the cool junctions to a small 
terminal board mounted between the as- 
semblies and in front of them. This al- 
lows the number of thermocouples in 
series to be varied from 1 to 11 to provide 
a rough adjustment of the output. 


For fine adjustment, a thermal gradient 
strip is provided in place of the twelfth 
thermocouple. This is a narrow piece of 
sheet brass or copper connected between 
the warm and cool assemblies. Two 
flexible leads of constantan are soldered 
to this strip, one from the last cool junc- 
tion and the other from that hot junction 
which is connected to the positive output 
terminal by a copper lead. As the ends of 
these two flexible constantan leads are 
moved farther apart on the thermal 
gradient strip, a greater electromotive 
force is developed between them. When 
the lead coming from the bottom (cool 
assembly) is attached to the thermal 
gradient strip above that coming from the 
top (warm assembly), the electromotive 
force so obtained will be added to that of 
the coarse adjustment and vice versa. 
Thus this small, continuously adjustable 
electromotive force may be added to, or 
subtracted from that obtained by the 
coarse adjustment. 


The temperature drop along this ther- 
mal gradient strip is very nearly propor- 
tional to the distance from the warm as- 
sembly, Figure 5. For the rated current 
of 5 amperes in the heater of the warm as- 
sembly, the electromotive force per ther- 
mocouple is approximately 0.54 milli- 
volt, The maximum electromotive force 
in the thermal gradient strip is approxi- 
mately 0.5 millivolt. These values are 
consistent enough to allow an approxi- 
mate setting to be made for a given input 
current without an actual measurement of 
the output, but whenever possible, the 
setting is checked by measuring the out- 
put for a known current input. 

The large number of thermocouples in 
the hot-spot rise simulator not only makes 
simple adjustment possible, but also, of 
more fundamental importance, enables 
the required output to be obtained with 
only a very small temperature difference 
between the two assemblies. Under 
normal operating conditions, only a frac- 
tion of a watt is dissipated within the de- 
vice. Because the heaters operate at a 
low temperature, the device is able to 


Table |. Effect of Time Constant Blocks on 
Output 
Approximate 

Time Per Cent 
Constant, Drop in 
Minutes Output 

DUG tec. bis.sncer presto echo wien 

5 

10 

HSM Stects eacis to «ict ofnlopeciaeenanetd 

QOM Oper ren oie oe 

DS MENA Haseic sis takers hl ater ets 

30 


withstand without damage the effects of 
short-circuit currents in the associated 
power apparatus. However, as a further 
precaution against sustained short-circuit 
currents causing the calibration of the de- 
vice to change, in some models a saturat- 
ing reactor is built into the case and con- 
nected across the current terminals. This 
reactor causes a negligible error at up to 
three-times rated current at 25 cycles per 
second and, of course, to even higher cur- 
rents at 60 cycles per second. The low 
normal burden imposed upon the current 
transformer makes it permissible to con- 
nect this equipment in series with exist- 
ing current circuits with negligible change 
in the performance of the other equip- 
ment, 


Time Constant 


The time constant of the rise simulator 
is increased by clamping blocks of metal 
of various sizes to the assemblies. The 
same size block must always be placed on 
both cool and warm assemblies to main- 
tain their operation independent of 
changes in the air temperature surround- 
ing the simulator. The blocks are so 
shaped as to minimize the effect on the 
ultimate output, and on the shape of the 
output-versus-time curve for suddenly ap- 
plied loads. However, adding blocks to 
the assemblies inevitably increases their 
radiating area, and therefore decreases 
the millivolt output for a given current 
in the heater. The approximate amounts 
of these decreases are given in Table I. 

The expression “‘time constant’ used 
here is the one usual for thermal problems 
and is not the delay time or time to reach 
90 per cent of indication used for thermal 
converters. As used here, time constant 
means the time to achieve 63.2 per cent 
of the change if the ultimate rise is directly 
proportional to the rate of heat dissipa- 
tion, or, 55 to 70 per cent if the ultimate 
rise is proportional to a fractional power 
of the rate of heat dissipation; the exact 
value depending upon the particular 
characteristics of the apparatus, the 
initial temperature rise, the over-all tem- 
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perature change and whether it is heating | 
or cooling. In all cases, the time constant 
in seconds is given by the expression 
6C/P where @ is the ultimate rise in de- 
grees centigrade for a rate of heat dissipa- 
tion of P, watts, and C is the thermal 
capacitance in watt-seconds per degree 
centigrade. 


Accuracy cf 


Most hot-spot temperature indicators 
are set to read correctly at rated load and 
it is assumed that their load/temperature 
characteristics match those of the trans- 
former nearly enough to give a reasonably 
correct indication at any load. How- 
ever, the internal image type often can- 
not be set very accurately because of the 
large size of the smallest steps available 
on a tapped current transformer. With 
the rise simulator, on the other hand, the 
output may be set more accurately than 
the correct setting is known. 

In so far as the output/load charac- 
teristic is concerned, the rise simulator 
obeys approximately the same law as does 
the transformer hot spot. The latter is 
usually assumed to vary as the 0.75 to 
0.85 power of the copper loss whereas the 
former varies as the 0.85 power of the 
square of the input current, for the usual 
range of top-oil temperatures. Tests 
made on typical internal thermal image 
devices give values of the exponent of 
0.86 to 1.07. 

The approximate agreement in the 
values of the exponents for the rise simu- 
lator and hot spot could be taken as suffi- 
cient indication that the device will read 
correctly at all loads when adjusted to 
read correctly at rated load. Neverthe- 
less, it was decided to investigate its ac- 
curacy as carefully as possible under dif- 
ferent top-oil and load conditions, taking 
into account the effects of oil viscosity. 

The top-oil temperature affects the ac- 
curacy of indication of the rise simulator 
in three ways. At low oil temperatures 
the actual hot spot over top-oil rise for a 
given load current tends to be greater 
than at high oil temperatures because of 
the greater viscosity of the oil. The same 
low top-oil temperatures also cause the 
electrical resistivity of the transformer 
windings to decrease and this tends to de- 
crease the actual hot-spot rise. The 
former of these effects is the larger and 
becomes of ever-increasing importance 
under the very low top-oil temperatures 
which are encountered under the winter 
ambient conditions of Northern Ontario. 
The third effect is due tothe curvature of 
the copper-constantan electromotive 
force /temperature characteristic.’ The 
portion of this curve used to convert the 
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tise simulator output from millivolts to 
the equivalent temperature rise is de- 
termined by the temperature of the top-oil 
‘thermocouple, since this is connected in 
series with the simulator output and the 
indicating potentiometer. The curvature 
of the characteristic is such that the indi- 
cated temperature rise per millivolt out- 
‘put is greater at the lower oil tempera- 
_ tures and this tends to compensate for the 
effect of the oil viscosity on the actual 
hot-spot temperature. 


To determine the magnitude of the 
errors in indication caused by the above 
effects, it was necessary first to determine 
the behaviour of the actual hot spot. To 
this end a formula was developed, relating 
the actual hot-spot temperature under 
specified steady-state-load and top-oil- 
temperature conditions to the hot-spot 
temperature under the conditions of the 

factory heat-run, The derivation of this 
equation is given in the appendix. It is 
such that the hot spot over top-oil rise, 

6,/,, cannot be expressed as an explicit 

function of the per-unit current. The 

per-unit current, however, can be ex- 
pressed as an explicit function of the hot- 
spot rise. Although this is backwards in 
terms of cause and effect, it is convenient 
for calculating the accuracy as it gives the 
per-unit simulator current which enters 
directly into the calculation of the output 
millivolts. The simulator output is then 
calculated by multiplying the millivolts 
output at rated load by the per-unit cur- 
‘rent raised to the 0.92 power. (Its milli- 
volt output is proportional to the rate of 
heat dissipation raised to the 0.92 power 
although in terms of equivalent tempera- 
ture rise it is approximately a 0.85 power 
device because of the curvature of the 
copper-constantan characteristic.) The 
simulator millivolt output is added to the 
millivolts from the copper-constantan 
characteristic at the point corresponding 
to the top-oil temperature. The sum of 
the top-oil thermocouple and rise simu- 
lator millivolts is then converted back to 
degrees centigrade to obtain the indicated 
hot-spot temperature. To obtain the 
value of the hot-spot over top-oil rise in- 
dicated, the top-oil temperature in de- 
grees centigrade is then subtracted from 
this indicated hot-spot temperature. 


! 


By comparing the actual and indicated 
rises calculated as above, it is possible to 
determine the error of indication under 
any condition of interest. This error and 
its variation with load and top-oil tem- 
perature depend upon the formula used 
in setting the rise simulator output. The 
formula found to be best is: Millivolt 

setting for rated current = 0.0410) [1+0.01 
(69—15)] where 0, is the temperature rise 


1951, VoLuME 70 


of the hot spot over the top oil at rated 
current under the conditions of the fac- 
tory heat run. 

This formula was selected to make the 
error positive (indicated rise greater than 
actual) for hot-spot temperatures in the 
critical region around 100 degrees centi- 
grade and for the range of top-oil tem- 
peratures normally encountered. Curves 
of the error calculated in this way for 
transformers with hot-spot over top-oil 
rises of 15 degrees centigrade and 25 de- 
grees centigrade at rated load are given 
in Figure 6 for the conditions of actual 
hot-spot temperatures of 105 degrees 
centigrade and 150 degrees centigrade. 
In this figure, the numbers on the curves 
indicate the per-unit rated load current 
required to produce these hot-spot tem- 
peratures at the top-oil temperatures 
shown. It is felt that for any realizable 
condition of load and ambient the error 
indicated by these curves is not greater 
than the uncertainty in the calculation of 
the actual hot-spot temperature. 

The magnitude of the positive errors 
could be reduced by using a smaller mul- 
tiplier for 0, in the foregoingequation, but 
this would increase the magnitude of the 
negative errors which can occur for very 
high loads at very low top-oil tempera- 
tures. As it stands, the equation makes 
the indications very conservative (posi- 
tive error) for the more usual operating 
conditions. 

These calculated rise simulator errors 
are dwarfed by the uncertainty with 


which the actual hot-spot rise of a trans- 
former is known from the factory heat- 
run results, even at rated load. In addi- 
tion to errors produced by arbitrary cor- 
rections back to shut-down of a heat run, 
or misinterpretation of the early readings 
of a cooling curve, the usual method of 
calculating the hot-spot temperature from 
a measured value of average copper tem- 
perature is open to serious question. 


Hot-Spot Relay 


The hot-spot rise simulator can be used 
as a hot-spot relay by the simple ex- 
pedient of using time-constant blocks 
large enough to delay the indicated in- 
crease in temperature due to a sudden 
load increase sufficiently to allow a pre- 
determined ameunt of overheating before 
tripping is initiated. The ultimate rise 
of the simulator is set to be the same as 
that of the hot spot so that even a small 
overload will produce tripping if con- 
tinued for long enough to cause serious 
deterioration of the insulation. This 
avoids the undesirable band of no pro- 
tection for small overloads which is char- 
acteristic of those hot-spot relays having 
a small time constant and an ultimate rise 
considerably less than that of the hot 
spot. Also, it allows the setting to be 
changed at will by the relay engineer so 
that it brings the field of automatic ther- 
mal-overload protection as much under 
his control as is the usual line and machine 
relaying. This is in direct contradistinc- 
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Figure 6. Calculated errors in rise simulator indication due to changing oil viscosity 
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tion to the more usual types of hot-spot 
relays which are inaccessibly immersed 
in the transformer oil. For this use, of 
course, a sensitive relay and adjustable 
buck-off circuit will be required in con- 
junction with the rise simulator. 


Cables and Generators 


The hot-spot rise simulator also is 
eminently suited for use in conjunction 
with other units of electric power equip- 
ment such as generators and cables. In 
the case of generators, the indications of 
a thermojunction embedded between the 
coil sides may be corrected for the sur- 
prisingly large discrepancy between its 
reading and the actual conductor tem- 
perature; or a thermocouple on the iron 
may be compensated to give the copper 
temperature. In the case of cables, a 
rise simulator may be adjusted to give 
an output corresponding to the rise of the 
copper over the sheath so that when it is 
connected in series with an indicator and 
a thermojunction on the hottest part of 
the sheath, the actual hot-spot copper 
temperature is indicated at all times. 


Appendix 


The formulas in this Appendix are derived 
from the information given by Mont- 
singer.*78 The assumptions are 

1. The hot-spot over top-oil temperature 
rise at constant oil-film temperature is pro- 
portional to the 0.8 power of the rate of heat 
dissipation. 

2. The rate of heat dissipation at the hot 
spot is proportional to the product of the 
square of the current and the quantity 
(234+T+6c/o) where T is the top-oil 
temperature and 6c/o is the temperature rise 
of the hot spot over the top oil. 
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3. The hot-spot over top-oil rise for a 
given rate of heat dissipation is propor- 
tional to the 0.25 power of the viscosity of 
the oil film. 

4. The temperature of the oil film is 
equal to that of the top oil plus one-half the 
temperature rise of the outer surface of the 
conductor insulation over the top-oil 
temperature. 

5. For the purpose of calculating oil- 
film temperature, the temperature rise of 
the surface of the insulation at the hot spot 
over the top-oil temperature may be taken 
as proportional to the rise of the hot spot 
over the top oil. The constant of propor- 
tionality may be taken as equal to that de- 
rivable from Table 6-5 (page 576) of refer- 
ence 6, namely 0.618. 

6. The viscosity of transformer oil at a 
temperature T degrees may be represented 
by the relation: 


w=3.6X108(T-+50) —?° (1) 


From the preceding assumptions, we have: 
The oil-film temperature= T+ [0.618/2 ]6c/o 
=T+0.3090c/o. The oil-film viscosity is 
proportional to (T+0.3096c/o+50)—?". The 
effect of viscosity variations is to multiply 
the hot-spot over top-oil rise by 


pro seeese tse 
To +0.38096, +50 


Poth Sit 3 Y @) 
“| T+0.3090,/,+50 


where 


T,=top-oil temperature for factory heat-run 

9 =rise of hot-spot over top-oil temperature 
at rated current under conditions of 
factory heat-run 


Hence, the hot-spot over top-oil rise at a 
top-oil temperature T and current J per unit 
is given by: 


Oc/ = 6, | To+0.3096, +50 ee 
c/o = Ao. ESAS EID AE 


T+0.3096c/o+50 


Eeeerall ; 
234+ T,+6, (3) 
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It will be noted that the required’hot-spot 
over top-oil rise 6c/o appears in the éorrection 
factors on the right-hand side of equation 3. 
Since the exponents of these factors are 
fractional, it is not possible to find a simple 
expression for 0c/o as an explicit function of 
the other quantities. The equation can be 
rearranged, however, to give the per-unit 
current as an explicit function of the actual 
hot-spot temperature @c/o and the other 
variables. 


The result is: re 
d/o |°S* _ [ T-+0.3096./o-+50 ] 
fab “2 x mesa | 3 
00 T,+0.3090,+50 
2344+ )+6, iF r 
234+T+6c/o : 
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Northwest Power Pool Interchange 


L. B. COWGILL 


NONMEMBER AIEE 


N THE Northwest Power Pool there 

are a multiplicity of interconnected 
electric systems, some forming looped cir- 
cuits and others connected in series. The 
problem of accounting for all power and 
energy transactions between the various 
systems for purpose of settlements has 
been carried on by means of dispatchers’ 
interchange logs which are described 
here. 

Power flow from generating sources to 
load within any network of lines is ap- 
proximately in proportion to the elec- 
trical phase angle differences of the volt- 
ages at the source of power and at the 
load. The division of power flows be- 
tween parallel paths is approximately in 
inverse proportion to the impedance of 
each path. However, there are such a 
multitude of flows in various directions 
over lines throughout the Pool that any 
individual transaction for delivering 
power from one point to another occurs by 
displacement. In other words, it results 
in a slight shifting of power flows toward 
the point of load. By this displacement 
process there are relatively small incre- 
mental losses resulting from any one 
transaction, in fact the loss from the sum- 
total of transactions with the systems 
connected in the network are undoubtedly 
lower than they would be if each system 
could carry on its own operation over its 
own lines, disconnected from neighboring 
systems in the Pool. 

With the network of lines it is imprac- 
tical to attempt to control power flows 
Over various interconnections. Elec- 
tricity recognizes no variations in owner- 
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ship and flows freely from power sources 
to loads. The usual devices for regulating 
flows over individual lines or intercon- 
nections are by the use of series capac- 
itors or phase shifting equipment. 
Series capacitors cause a fixed amount of 
phase shift but do not have the ability to 
regulate for varying loads. Phase shifting 
equipment can be used to vary the 
amount of phase angle through a particu- 
lar line or interconnection, thereby regu- 
lating the relative amount of power trans- 
ferred through the line. However, this 
equipment is very costly and its accom- 
plishment is to force power transfers by 
certain routes. When the number of 
interconnections involved in the North- 
west is considered it is apparent that such 
equipment would add greatly to the 
installed cost and increase over-all losses 
with no practical gain, Therefore the 
Northwest systems have not undertaken 
to control power transfers over individual 
lines or interconnections. Where a par- 
ticular circuit becomes a bottleneck in 
power transfers it is supplemented or rein- 
forced to permit increased transfers by 
that easier route, if the incremental in- 
crease in the transfer justifies the invest- 
ment involved. 

In the operation of the Northwest 
Power Pool one system takes over re- 
sponsibility for frequency control, that is, 
speed control. Each other system in the 
Pool is responsible for its net interchange 
receipts or deliveries. If each of the 
latter controls its interchange exactly as 
planned, then the frequency control sys- 
tem also will have performed exactly as 
planned although that system is unable 
to exercise control over its interchange as 
long as it is regulating for correct fre- 
quency. In other words, the frequency 
control system varies its output depend- 
ing upon whether or not the Pool speed is 
above or below 60 cycles and depends upon 
the other systems to regulate interchange. 
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Some assistance to the frequency con- 
trolling system is given if each of the 
other systems in the Pool sets interchange 
controllers with a frequency bias. This 
bias acts to cause some over-generation 
during times of low frequency and under- 
generation at times of high frequency. 

To gain a clearer understanding of the 
operating procedures involved in the 
interchange operation, a simplified ex- 
ample will be taken. The following 
sketch is of a 2-system interconnected 
group, X system being connected to Y 
system through interconnection 
shown in Figure 1. 

Assume that system X is operating to 
control frequency and that Y is control- 
ling net interchange. If X and Y agree 
that X is to deliver 20 megawatts to Y 
for a particular hour then it is Y’s respon- 
sibility to maintain a 20-megawatt flow 
through interconnection 7. If Y con- 
scientiously tried to take 20 megawatts 
but actually takes only 19 megawatts 
after the actual meter readings are read 
at the end of the hour, then Y is assumed 
to be entitled to that shortage of 1 mega- 
watt at some later time since it failed to 
take it during the hour in question. 
Therefore, if the settlement assumes that 
Y took exactly the amount scheduled, or 
20 megawatts, and that any deviations 
from this schedule are treated as loans or 
borrowings which must ultimately be 
corrected for by later power transfers, 
then there is neither loss nor gain by 
either utility in settling their accounts on 
the basis of scheduled power transfers. 
This is the elementary principal involved 
in the Northwest Power Pool energy 
accounting system. 

A further example of a 3-system group 
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Figure 1. Simple interchange between X and 


Y systems 


X holds frequency to 60 cycles 
Y holds interchange at r to amount agreed 
upon or scheduled 
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FREQUENCY INTERCHANGE 
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NET INTERCHANGE 
CONTROL 
SCHEDULE 


0 
Simple interchange between three 
systems X, Y, and Z 


Schedules 
X to deliver 20 megawatts to Y 
No other scheduled transactions 


Figure 2. 


Actual Operation 
X holds frequency at 60 cycles 
Y takes in a net amount of 20 megawatts at 
interconnections r and s 
Z takes in a net amount of O megawatts at 
interconnections t and s 


indicated in Figure 2 will illustrate 
that ‘‘Net Interchange’ must be the 
basis of setting up schedules and recording 
actual interchange transfers. 

This illustration covers a simplified 
case where X is delivering 20 megawatts 
to Y, X being responsible for frequency 
control, Z having no schedule at all. 
This assumes that the operation for the 
hour was exactly as scheduled. 

The example might be developed still 
further with multiple schedules and actual 


operation deviating slightly from 
schedules. Refer to Figure 3 as an illus- 
tration. 


The operation is for X to control fre- 
quency, Y and Z each to control net in- 
terchange. The net schedule is for Y 
to receive 20 plus 7 plus 4=31 mw. 
The net schedule for Z is to deliver 9 plus 
4=13 mw. The net schedule for X is to 
receive 9 and deliver 20 plus 7=18 net 
delivery. 

If X operates to hold frequency at 60 
cycles then Y must operate to take 31 
megawatts and Z to deliver 13 megawatts. 
If these two interchanges were performed 
exactly then X would automatically have 
delivered its 18 megawatts. However, the 
example assumes that Y actually took 28 
megawatts and that Z actually delivered 
14 megawatts. Under this condition Y is 
still entitled to 3 megawatts which it 
failed to take and Z delivered 1 megawatt 
in excess of its schedule so that it is en- 
titled to reduce deliveries a corresponding 
amount at some later time. Then X 
must have delivered only 14 megawatts 
instead of the 18 scheduled so that it has a 
continuing responsibility to make up the 
4-megawatt shortage in delivery. These 
variations from schedule are handled by a 
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deviation account for each utility in the 
Pool. To keep proper records of the In- 
terchange Schedules, Actual Interchange, 
and Deviations from Schedule, they are 
recorded on dispatchers’ logs. On all 
power interchange transactions, transfers 
from or to other utilities are distinguished 
by using algebraic signs as follows: 


Received 
Interchange in 
Delivered 
Interchange out = + 
(Actual Interchange) —(Scheduled Inter- 
change) = (Deviation from Schedule). 


A further example of multiple schedules, 
multiple ties, and transfer of power from 
one system through an intermediate 
system to a third system is illustrated be- 
low, referring to Figure 4. 


? 


SCHEDULE 


X to deliver 20 mw to F for storage 

X to deliver 7 mw to Y for sale 

Z to deliver 9 mw to X for sale 

Z to deliver 4 mw to Y for sale 

W to deliver 11 mw to X for redelivery to Y 
V to deliver 15 mw to X for redelivery to W 


ACTUAL OPERATION 


X holds frequency at 60 cycles. 
Scheduled to deliver 18 megawatts but is 
unable to control deliveries while holding 
frequencies. 

Y tries to take a net amount of 42 
megawatts through interconnections at 
0, p, r, and s but after the hour is over 
finds that 39 megawatts was actually 
taken. This leaves +3 megawatt devia- 
tion. 

Z tries to deliver a net of 13 megawatts 
through interconnections p, g, s, and ¢ 
but after the hour is over finds that 14 
megawatts was actually delivered. De- 
viation of +1. 

W tries to take a net of 4 megawatts 
through interconnection m but after the 
hour is over finds that 7 megawatts was 
actually taken. Deviation of —3. 

V tries to deliver a net of 15 megawatts 
through interconnections ” and o but 
after the hour is over finds that 12 mega- 
watts was actually delivered. 
tion —3. 

X actually delivers 20 megawatts since 
all deliveries must exactly equal all re- 
ceipts. Deviation is +2. 

Sum of all deviations=(+3)+(+1)+ 
(—3)+(—3)4+(+2) =0. 

It will be noted that it is quite imma- 
terial what amount of power flows 
through individual interconnections of 
looped systems but that the algebraic 
sum or net of power through all inter- 
connections of a utility's system is the 
measure of how close that utility ap- 
proached its agreed upon schedule of 


Devia- 
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Figure 3. Multiple schedules with actual 


operation deviating from schedules 


Schedules 
X to deliver 20 megawatts to Y for storage 
X to deliver 7 megawatts to Y for sale 
Z to deliver 9 megawatts to X for sale 
Z to deliver 4 megawatts to Y for sale 


Actual Operation 
X holds frequency at 60 cycles 
Y tries to take in a net amount of 31 megawatts 
at interconnections r and s but actually finds 
after the hour that he took in 28 megawatts 
Z tries to deliver a net amount of 13 megawatts 
at interconnections s and t but actually finds 
that he delivered 14 megawatts, after the hour 
is over 


operation. In this case, system Z has the 
same schedules as in the previous ex- 
ample, generates in the same manner and 
ends up with the same deviation. How- 
ever, power flows through Z’s individual 
interconnections are quite different. But 
Z's net interchange is the same since it 
generated 14 megawatts in excess of its 
own load in each case. 

These same principles can be applied 
with any number of participating utilities 
and the complexity of interconnections 
expanded to any degree. That is what is 
done in the Northwest Power Pool with 
11 major utilities and many more smaller 
utilities tied rigidly together through a 
multiplicity of interconnections at all 
times as indicated in Figure 5. 

There are no difficulties in accounting 
for every kilowatt-hour, but operation 
must be handled in a methodical manner, 
and any misunderstandings on amounts of 
schedules or classifications of energy or 
errors in listing must be cleared up im- 
mediately. Therefore, there is a checking 
system. First, the deviation for each 
utility for each hour is added alge- 
braically at certain clearing points in the 
Pool and if the algebraic total of all of the 
deviations of the utilities in the Pool for 
any particular hour is not zero, there is an 
error to be found and vorrected. The 
second checking system is that each day 
each utility makes copies of its inter- 
change log, listing scheduled interchanges 
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enjoy 7 ae : change load controllers with a frequency 
0 39 . 
Beene pow Sele : : é bias. In other words, the load controller 
RGU SESISSRARS RSREBARAA SIS SESS & so set, for any one utility tends to cause 
bie Zz WIM | “6 3 P that utility to depart from scheduled in- 
A : . ae : : alee terchange in the direction needed to main- 
S : | . a i low, and the particular utility is scheduled 
vo . . 
£ En Goon GOR ON ogee : a Ge Bo oe asic to receive a certain amount of power, that 
aad BAMA AHAMHAAMMWM KHHONANNHWATAHO MO + o+ . ili ne ches . 
o: 3 ea Of ae cl ae TRiteeE aioli eS Sa eee , utility operates to receive less than its 
3 £ : ae (es hedule. If i duled to deli 
= 5 a schedule. If it was scheduled to deliver 
< Veti 26 is} 4 e 
A 5 «ise Seerahetent ve Zee eta : oe power, it undertakes to deliver more than 
° RRAAAAG AAA RAMA OS ge the schedule. Contrary wise, if the fre- 
5 T3B A WIM Peeve te te Detrete eke BeIC EN HAR tek WWD) Se ; 
nD nn ee ee quency is above 60 cycles. 
on SP Meera ae hacen nu easter et rag thsi ne Cites ch fed SE cinky elogsiisdetet 5 SONS : : 
spac berg eee Mba ey coils MeMIacyAaT GAS CR Sy Search anv tua oe a 
“ iid onus dddddd Haiddddcdaddimcaa Capel Such frequency bias operation tends to 
x 138 MA TIM Tah tyes ie oats tel Mpa Sieh MAT tee cause some deviations but some are plus 
E sai and some are minus so they will cancel out 
8 
Ea over a period of time. That is, if the 
+3 aS bys 
RISA Coens INT Heo ES IS aid ORD Aa aI AD utility's frequency meter is in correct 
° BRHTMANANNDBOOCCO KRRRKR OOOO EDM OO . . 
a sainpeqos Seana apey LeTbne We. OMe Dok (chil. tity leat Te ee calibration so that the controller knows 
i o3 pele) c 
8 alga TAA when the frequency is high or low. To 
ry : Sao Re ee ti ey es oe be ee hee calibrate all frequency meters, one large 
ie ¥ 00 09 1 10 DW MOOD SDOS HOO OOOO OOCOOOM ANS a “if h 
£ P7205 OW Bis ase ate hte A Pee |e utility handles frequency control eac 
‘ oO. 
5 K 3shg of re i lh cana) |e Sunday afternoon and holds as close as 
5 A ae POR aeees IN Sennen oe Suap ar ene: oe ; 
= sseoxq Wv9}g ear os enc eae rd possible to 60 cycles between 1 and 3 
a $ XK 384g OL ay Ter cece g p.m. Pacific Standard Time so that all 
he eon ee Bite Oh Op trots (IG! Ie LOND GAGs tacks Ch eHnGmiC al ting : ‘ 
£ H Beeps gaskRsaddddddd poddcdddddddo¥us | # others may readjust frequency meters if 
a] H re —~S3i\a 4a, = s . ® 
3 S| M ishg wor Platt levlalis needed. That utility maintains its fre 
2 2 Br CoML ene a sae aR OF 3 Foe Wess quency meters in calibration by special 
a) A] AOL KAAAAAQHE NEED KOE R ERE OM OSG em ‘ 5 é 
= 9 ate elk It tate rol tI Inas & equipment to adjust them to Arlington 
= 3B | Z 34s wor bait radio time signals. 
> o . Cray CF ge . 
om 3 qwog | FAAAAK EEE Pee ERE Sdn A second type of operation that de- 
s soysuery, priate ret s Waoon te Cee a ae parts from the simplified scheduling sys- 
2 A 3shs OL ++ tem of energy accounting is by any two 
: f OE eee rss fagseraey em ot > 
2 eS OE Ne BOGOR S00. 8. SRO Sena Sat eS systems having an ‘“‘open end”’ schedule. 
sse0xq o1pAH POD CASO rt FAD 00 1S BD ISA 1D 19 15 19D AH AD 19 be B= E= 1G OO This i f ded ] j f 
7 4shg wor Fey Wie APTN iea le apelin! ore SPOT AT teh Lief) SUIS hers s 1s often extended to several pairs 0. 
ee systems. In this case a schedule is not 
Sri Bt ce oe) 32 Sn ee ae seeps a Te 8 fixed beforehand but left open with the 
HOOOCOOCOCOOOM Min Hi MONNmoocooCOCoCortns . 
Rouen |" Poa SS RAR AAT aS amount to be filled in after each hour of 
a Vette Thr fess ehh; = ore 
ars operation is over. e amount of the 
| Hi 
open end schedule is fixed by some un- 
AAW AGKHKOAOHD HOWRNOWINN DONA HH foreseeable condition such as a receiving 
— =jhygeq EGRQANAAASSSSSRRRER BO BREN OO A nas ae : ° 
= po +=sniding = ese ce MEGA ET me STOP a i ae utility ‘“‘taking all the power that it can 
GI | utilize’’ which is often the case when a de- 
3 Lose apalte HSSSSSSSSOAM MM HAMAAAISSSOSOSS |: : livering utility has excess hydro capacity 
fo) eR sad Se GOES 2 © REE ce cc 04S Son rom aR going to waste. Another case might be 
§ mosigumg | ROSSSSSRASISS ESSE SS SSIS RSS < : when a delivering utility has some un- 
B i a ieee: ear? tee ag G GRE Ogr ae caer fae i 
Bs wo ops | iaiaiddswrssegd iesaussueE aa 2 aN foreseeable part of the excess capacity 
4 | ureyshg uMO i Syoron ovis ae : oie a eeice ar meres 1S from a lower cost steam plant where the 
i : oa : : a ° ue} cc 2 
ae Peer AEGRERSBSZSSE USSSISSSSSLES ails schedule would be “to deliver all excess 
ST20 Slt peg $ ee by keeping the plant wide 
: eee 3 A) s open.” In such cases the amount of the 
. a) ies Oe, ° . . . . 
saan peer nett rsuamnwer mein s ae g receipt in the first case and delivery in the 
MOH | dando tMONMASHMAMADHHONHdSS He S| second case is indeterminate until the 
ewod * . 
ae hour has passed, after which the amount 
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Figure 4 (above). Multiple schedules, multiple 
ties with transfer through an intermediate system 


Schedule 

X to deliver 20 megawatts to Y for storage 

X to deliver 7 megawatts to Y for sale 

Z to deliver 9 megawatts to X for sale 

Z to deliver 4 megawatts to Y for sale 

W to deliver 11 megawatts to X for redelivery 
to ¥ 

V to deliver 15 megawatts to X for redelivery 
to W 


Figure 5 (below). Northwest Power Pool, 


schematic diagram of interconnections 
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is arrived at by the utility having the re- 
stricting condition, then logged in the 
same amount by both of the utilities in- 
volved in the transaction. In operation 
with such an “‘open end schedule’”’ the de- 
viation from schedule for the limiting 
system must necessarily be zero because 
the actual interchange is the scheduled in- 
terchange. 

Now let us examine the means of set- 
ting up logs for arriving at interchange 
schedules, recording the actual inter- 
changes, arriving at deviations and 
checking deviations for errors. Table I is 
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a sample dispatcher's log sheet of which 
is shown four main headings, ‘Estimated — 
System Operation,” “Scheduled Inter- — 
change,” ‘‘Actual Interchange,” and 
“Deviations from Schedule.”” Each util-— 
ity has such a form, tailored to its re- 
quirements and its system. Z } 
Assuming that the X system on the ex- | 
ample previously listed was using the log, 
the first step is to arrive at its program of 


| 
carrying its estimated load for each hour | | 
of the day. This is started by estimating | 

| 


its Own System Load for each hour of the 
day. Next, its Own System Hydro 
Generation is listed, basing the amounts 
upon the water supply for hydro genera- 
tion that is available or that can safely be 
used from reservoir storage. Own System 
Steam Generation is filled in on an hourly 
basis along with Receipts from Industrial | | 
plants connected to its own system, 
From these tentative estimated power 
supplies and estimated load the Surplus or 
Deficiency is arrived at. This is avail-_ 
able for interchange delivery or needs to 
be received from interchange. Actually | 
there is a considerable amount of “cut | 
and try’’ adjusting between utilities in | 
arriving at the final program of hourly | 
operation. If lower cost power can be ob- 
tained from a neighboring utility than the 
cost of operating steam generation on 
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X’s system then a schedule is arranged 
or replacing the steam power with inter- 
shange purchases. Each hour is given 
ate consideration since the avail- 
ty of power from various sources and 
the need for power on a utility’s own sys- 
n varies from hour to hour, Actually 
e pattern of schedules gets pretty well 
ed and then adjustments are made only 
- shifting conditions such as seasonal 
ges, outages of equipment, major 
shifts, et cetera. 


the Net of All Interchange Schedules 
g exactly equal to the Surplus of Defi- 
t both in amount and sign, for each 
ur of the day. This daily program is 
reed upon at least one day in advance. 
Since the schedules are purchase and 
le transactions they often require execu- 
approval so the operating head of the 
ity is responsible for arriving at the 
iedules. When both the section on 
imated System Operation and on 
eduled Interchange are completely 
d out with the Net of all Interchange 
hedules balancing the Surplus or Defi- 
, the log is furnished to the dispatchers 
operation during the day that it 
ers. His operation attempts to hold 
e Net of All Actual Interchange at the 
me amounts as the Net of All Inter- 
ge Schedules. 

Of course his actual system load varies 
m the estimate and generation from 
rious plants does not exactly corre- 
md to the estimates. However, he 
uld try not to vary from his Net of All 
ange Schedules since no other 


utility has agreed to furnish those varia- 
tions. Own System Generation should be 
varied to correct for departures from the 
estimates unless, of course, there is a 
joint agreement with some other utility to 
change one or more schedules for this pur- 
pose, 

Even then, the telemetering and load 
controllers will not perform so exactly 
that the Net of All Actual Interchange is 
always the same as the Net of All Inter- 
change Schedules. To keep track of this 
variation and to permit correction for it, 
an account listed as Deviations from 
Schedule is kept. This is the Net of All 
Actual Interchange minus the Net of All 
Interchange Schedules. A Cumulative 
Deviation account is then arrived at to 
carry forward all past amounts of devia- 
tions with the objective of continually 
trying to clear this account to zero 
amount. Again all quantities must carry 
their proper algebraic signs. Deviations 
from Schedules should be balanced out by 
shifting Actual Interchange slightly above 
or below Scheduled Interchange. How- 
ever, power at different times of the day 
has different value and balancing out of 
deviations should be under “like condi- 
tions”? to those under which they were 
created, Also operation of a utility’s gen- 
erating plants should be carried on to 
hold deviations from schedule as close as 
possible to zero on a minute-by-minute 
basis throughout each hour, 

When it is recognized that the alge- 
braic sum of all deviations throughout the 
Pool must be added to or subtracted from 
the scheduled or agreed upon interchange 
of the frequency controlling system, then 
it is apparent that it is the duty of each 


No Discussion 
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other utility to diligently try to perform 
as scheduled or agreed upon, In fact, itis 
the duty of the other utilities to also as- 
sist the frequency controlling system in 
accelerating or decelerating the inertia of 
the Pool, if Pool speed should get below or 
above normal 60 cycles, 

The final phase of the interchange 
power and energy accounting is billing for 
interchange. If the Net of All Actual 
Interchange was exactly equal to the Net 
of All Interchange Schedules for each 
hour then every schedule listed on the log 
would have been exactly met, Since the 
difference between these amounts is rep 
resented by the Deviations from Sched 
tile and these deviations are merely loans 
or borrowings which must ultimately be 
balanced out, then the billing should still 
be upon the* scheduled interchange 
amounts which are the agreed upon pur 
chases and sales of power, 

Rach schedule for a certain class and 
price level of power is kept separate from 
all others on each log by listing it in a 
separate column, At the end of each day 
the total of each classification of power is 
added to the Previous Cumulative Total 
for the Month for the same classification, 
At the end of the month the power for 
each classification is used for billing pur 
poses, 

Since the power and energy accounting 
system allows complete flexibility in keep» 
ing track of any number and any kind of 
transaction, then the utilities are free to 
carry on the best operation to realize the 
maximum resources in the Pool, Also 
economy operations are set up to secure 
the lowest over-all cost consistent with 
good utility practice, 
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P. E. RICHARDSON 


ASSOCIATE AIEE 


HE TRACY Pumping Plant is one 
of the important units of the Central 
Valley Project of California, and is the 
key unit in the plan to bring relatively 
plentiful Sacramento River water to the 
parched lower San Joaquin Valley. Areas 
in the lower San Joaquin Valley have been 
irrigated by pumping and by direct diver- 
from the river. By bringing in- 
creased areas under pumping, the water 
table has been lowered, especially in dry 
years to a point where salt water intrusion 
took place and many areas under cultiva- 
tion had to be abandoned. Also the con- 
struction of Friant Dam and the Friant- 
Kern Canal contemplates diverting to the 
upper San Joaquin valley supplies for- 
merly used in the lower valley. 

The Tracy Pumping Plant will lift 
surplus water of the Sacramento River 
into the Delta-~Mendota Canal. Water 
conveyed by the canal will replace water 
diverted by Friant Dam, provide water to 
areas where irrigation from wells was for- 
merly done, restore the water table, and 
bring additional areas under irrigation. 

To perform this purpose the Tracy 
Pumping Plant will raise a maximum of 
4,600 cubic feet per second (cfs) of water 
from an average elevation of 4 feet above 


sion 


Paper 51-288, recommended by the AIRE Power 
Generation Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Pacific General Meeting, Portland, Oreg., 
August 20-23, 1951, Manuscript submitted May 
21,1951; made available for printing July 6, 1951. 


P, E, RicHARDSON is with the United States Bureau 
of Reclamation, Denver, Colo, 


All engineering designs for the pumping plant 
are under the direction of L. N. McClellan, Chief 
Engineer, Branch of Design and Construction, 
Bureau of Reclamation, Denver, Colo. Over all 
planning and operation of the Central Valley Proj- 
ect of California is under the direction of R. L. 
Boke, Regional Director, Bureau of Reclamation, 
Sacramento, Calif, All activities of the Bureau of 
Reclamation are under the general charge of Michael 
W, Straus, Commissioner, Washington, D. C, 
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sea level to an average elevation of 201 
feet above sea level. The installation in 
the plant will consist of six vertical pump- 
ing units each rated 767 cfs at a head of 
197 feet. Each pumping unit will be 
driven by a 22,500-horsepower, 180-rpm 
vertical synchronous motor, making the 
Tracy Pumping Plant second only in size 
to the Grand Coulee Pumping Plant of 
the Bureau of Reclamation pumping in- 
stallations. 

The Tracy Pumping Plant is located in 
Alameda County, Calif., about 10 miles 
northeast of Tracy, Calif., for which it was 
named. It is located on the Delta- 
Mendota Canal, approximately 13,400 
feet above its intake on the Old River, or 
old course of the San Joaquin River. 
Each pump discharges through a 108- 
inch diameter butterfly valve into a 10- 
foot diameter steel discharge pipe. These 
pipes are paired into three 15-foot diam- 
eter discharge pipes approximately 1 
mile long. They discharge through a 
siphon structure into the Delta-Mendota 
Canal. Water surface at the outlet 
structure varies from elevation 185.5 feet 
to 195.8 feet. From the outlet structure, 
water flows approximately 117 miles 
through the Delta-Mendota Canal into 
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the Mendota Pool, a storage reservoir 
near Mendota, Calif. Water from this 
pool is to be used for irrigation purposes 
as outlined above. In order to insure a_ 
steady and sufficient supply of fresh water f 
to the Delta-Mendota Canal, the Delta- 
Cross Channel Canal is to be constructed. _ 
This canal will bring water from the | 
Sacramento River across the Delta to the 
intake of the Delta~-Mendota Canal. 
It is expected that when the irrigation 
facilities are fully developed and in opera-_ 
tion, the maximum demand for water will 
occur in July, and will be approximately | 
4,250 cts of water. The minimum de-| 
mand is expected to occur in December, | 
and to be about 500 cfs with the yearly 
average demand about 2,060 cfs. To 
meet this varying demand it is expected 
that all six pumps will be operated in 
July and part of August, tapering down to 
one pump during December and Janu- 
ary, and increasing to five pumps during 
April, May, and June. Pumping equip- 
ment therefore, can be serviced most of 
the year. 
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Description of Plant 


The pumping plant is adjacent to the 
Tracy switchyard and synchronous con- 
denser station from whence it receives its 
power supply. The pumps, motors, and 
motor-control equipment are arranged so 
the motors may be operated as synchro- 
nous condensers when unloaded to supple- 
ment the synchronous condenser in the 
station. 


Figure 1. Artists drawing showing general 
view of Tracy Pumping Plant | 
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Figure 2. Tracy Pumping Plant roof slab 


Expansion 


Figure 1 is an artist’s conception of the 
plant viewing the intake side. The plant 
has an over-all length of 362 feet and an 
over-all width of 96 feet. The pumping 
plant is a reinforced concrete structure of 
the semioutdoor type. It may be roughly 
divided into two parts, one consisting of 
the six main pump bays at left in the 
figure, having a length of 243 feet, and 
the service bay, having a length of 119 
feet. The roof deck supports a 100-ton 
gantry crane for handling the equipment. 
A cable bridge and tunnel connects the 
plant to the switchyard. Referring to 
Figure 2, there is a circular hatch, ap- 
proximately 27*feet in diameter, in the 
roof deck centered over each pumping 
unit to facilitate handling by the gantry 
crane. There is also one smaller hatch 
in the main unit part of the building roof 
and two in the service bay area. 

Due to poor foundation conditions, the 
plant is supported on timber piles, as 
shown in Figure 7. The foundation is at 
an elevation of approximately 30 feet be- 
low sea level. To continue with a brief 
description of the main unit bays, the 
pump inlet structures are similar in design 
to turbine draft tubes. The centerline of 
the scroll case of the pumps and of the 
butterfly valves in the discharge lines and 
of the discharge lines as they leave the 
plant are at elevation 0 (sea level). The 
pump inlets are protected by trash racks 
extending from elevation’ —17.75 to ele- 
vation 11.50. On the intake side there is 
an exposed deck at elevation 11.50 for 
servicing the trash racks and stop logs. 

On the discharge side of the plant, at 
elevation — 12.00, a gallery is provided for 
access to the pump scroll cases, space for 
the installation of the butterfly valves, 
the valve operating mechanisms, by-pass 
lines, air vents, and other appurtenances. 
Above the butterfly valves is a roof deck 
through which is a hatch to provide for 
crane service to the valves. 

Referring to Figure 6, the pump scroll- 
cases are embedded in concrete. On the 
intake side of the main bays is a pipe gal- 
lery at elevation —3.25. In it are air, oil, 
and water piping, and the unit cooling 
water pumps. 

The main pump floor shown on Figure 
5 is at elevation 10.50. This is the main 
operating floor of the plant. On the 
intake side on this floor are located 
the hydraulic gage and unit control 
boards, unit auxiliary boards, heating 
and ventilating boards, and d-c boards. 
In the center of this floor, along the center 
line of units are access stairways to the 
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Figure 3. Longitudinal section through center- 
line of units 
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pump crown plates, and along the trans 
verse walls are located the motor voltage 
regulating rotating amplifiers. On the 
upstream side and outside at this eleva- 
tion ig a deck over the butterfly valves 
with hatches to each valve, There is a 22- 
foot wide door at each unit at this eleva- 
fion with gantry crane tracks extending 
over the outside deck to beyond the 
center line of units, transversely of the 
building. On these tracks operates a 
special yantry crane designed to remove 
the rotating parts of the pumps while 
leaving the motor rotors in place, The 
outdoor portions of these tracks are ae 
cegsible to the main gantry crane, 90 48 
to rehandle pump parts as well as to move 
the special gantry crane from one bay to 
another and to handle the butterfly 
valves, 

On the downstream side of the plant at 
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elevation 24.63, there is a cable gallery 
used primarily for routing control cables, 
both ingide the plant and connecting tothe 
cable tunnel to the switehyard, In this 
gallery also is located a double-ended unit 
substation for tation service power, 

The main motor floor, shown in Migure 
4, is at elevation 34.63, On this floor, in 
addition to the six main motors are 


' 


located the motor-neutral grounding 
reactors, the rotating machine protective 
equipment and instrument transformers, 
and heating and ventilating equipment, 
Irom this level the eable bridge and tun: 
nel lead to the switehyard, 

In the service bay, there is a partial 
floor at elevation 19,50 feet below sea level 
containing the unwatering sump, There 
are full floors at elevations 4,50 feet below 
sea level and 10.50 feet above sea level, 
On the lower of these two floors, see Hiyuire 
6, are located cooling water pumps for the 
synchronous condenser in the switehyard, 
domestic water pumps, unwatering pumps 
sup piitip, air compressors and re- 
ceivers, oil purifier, oil storage tanks, oil 
pumps, anid water-soflening equipment, 
and suitable operating boards for the 
above equipment, At elevation 10,50, aw sah 
shown in Migture 6, are located a machine . a 
shop and an equipment handling area in- = ~ AA 
cluding a rotor erection base, This area af —ow 
is served by a 2O-ton inside crane. A door ‘ ! CER 
is provided on the south wide of the service Wey > cant 
building at this elevation complete with 
transfer tracks and a transfer ear for 
handling turbine and butterfly valve 
parts, A door algo is provided on the 
north side for truck entrance to the 
service aren, 
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Figure 4. Plan of motor floor 


The location of the plant in an earth- 
quake area is reflected in heavy concrete 
sections shown in Figure 38. This figure 
also shows the stair well section on the 
east end of the building, 


Pumping Units 


PUMPS 


The main pumps are of the vertical- 
shaft single-impeller, single-suction, cen- 
trifugal type. They were manufactured 
by the Worthington Pump and Machin- 
ery Corporation and are designated as 84- 
inch vertical volute pumps of the closed- 
type impeller design. The pumps were 
specified to deliver 767 efs when operating 
at 180 rpm under a total dynamic head of 
197 feet, The specifications further re- 
quired that the pumps have stable opera- 
tion under all heads within the range of 
174 to 204 feet, with the maximum input 
to the pump not exceeding 22,500 horse- 
power over the entire operating range. 
Rotation is counterclockwise. 

Prior to beginning manufacture of the 
pumps, a prototype pump was con- 
structed and tested at the manufacturer's 
plant. These tests indicated the following 
expected performance of the pumps: 


Capacity at 


design point (197 feet head), ..... 785 efs 
Efficiency at design point, ..... 89.3 per cent 
Maximum taput 

in operating range, .... 21,000 horsepower 


At this writing actual tests on the 
pumps have not been conducted, 

The pumps are designed so that the en- 
tire internal assembly can be removed 
from above without disturbing the pump 
casing, discharge piping, et cetera, Bach 
pump is equipped with a guide bearing 
located above the main stuffing box, The 
guide bearing is lubricated by means of 
motor-driven oil circulating pumps, The 
lubrication system is provided with in» 
dicating and alarm devices, The pump 
shaft is made in two sections to facilitate 
assembly and disassembly, The shafts 
are furnished with integral couplings for 
bolting to each other and to the motor 
shaft, The pump casings are of cast iron, 
and were made in four sections, bolted to- 
gether. The average diameter of the 
scroll case is 18 feet, The impellers are of 
l-piece cast bronze having a diameter of 
145 inches, Provision is made in the 
pump designs to permit the units to 
operate as synchronous condensers with 
the water depressed in the suction tube 
and the impeller operating in air, 
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Figure 5. Plan of pump floor and cable gallery 


Motors 


The six main motors were manufac- 
tured by the Allis-Chalmers Manufac- 
turing Company. Each of the motors is 
rated 22,500 horsepower, 13,600 volts, 
0.95 leading power factor, 3 phase, 60 
cycle, 180 rpm. The motors are of the 
synchronous, vertical-shaft type, with the 
thrust bearing and upper guide bearing 
located above the rotor, and a lower guide 
bearing below the rotor. The entire 
weight of the rotating parts of the motor, 
main exciter and pump, together with the 
unbalanced hydraulic thrust of the pump 
is carried by the motor thrust bearing. 

The motors are totally enclosed and are 
air cooled with four surface air coolers 
symmetrically spaced around the stator 
frame. 

Rated output may be delivered with 
one air cooler out of service without 
exceeding the 40-degree-centigrade tem- 
perature limit for cooling air entering the 
motor. The motor housings are suffi- 
ciently airtight to insure proper operation 
of the carbon dioxide fire extinguishing 
system. This equipment releases carbon 
dioxide into the motor upon operation of 
the motor differential relays or when- 
ever temperature within the air housing 
reaches a predetermined level. 

The armature windings are wye con- 
nected with the neutral grounded through 
a reactor. Current transformers are in- 
stalled in the main and neutral leads for 
differential protection of the windings. 
The rotor spider is built up from fab- 
ricated steel. The calculated rotor WR? 
is 3,500,000 pounds at a radius of 1 foot. 
This high value was required to improve 
stability of operation and obviate the 
necessity of surge tanks in the motor dis- 
charge lines. The rotors are equipped 
with amortisseur windings. The motors 
have an over-all diameter over the air 
housings of 25 feet, 6 inches. The weight 
of one complete motor and exciter is ap- 
proximately 286,000 pounds. The motors 
were shipped dismantled and erected at 
the site of the work. The motors are 
equipped with combination brakes and 
jacks, including a provision for lifting the 
rotors prior to starting, following an ex- 
tended shutdown, in order to establish an 
oil film on the thrust bearing to reduce 
break-away torque requirements, and af- 
ford protection to the thrust bearing. 
Also furnished with the motors was field- 
application equipment including motor- 
field circuit breakers, and automatic 
field application relays of the polarized 
type designed to automatically apply the 
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field at optimum conditions of speed and 
rotorpole angular displacement. 

The motor specifications contained 
provisions for starting at either full volt- 
age or reduced voltage, under minimum 
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power system conditions. For reduced 
voltage starting, the*pump scroll cases 
were to be unwatered by compressed air 
and the discharge valve closed. The 
motor is then started and synchronized 
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at reduced voltage, and then full voltage 
applied to the motor. Water is then ad- 
_Mmitted to the pump, and the discharge 
valve gradually opened. For the alternate 
‘Method of starting, the scroll case is 


1951, VotumeE 70 
: 


filled with water, with the discharge valve 
closed. Full voltage is applied, the motor 
started and synchronized. The dis- 
charge valve is then gradually opened. 
Since the motors have a relatively low 
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Figure 6. Plan at centerline of scrollcases 


locked-rotor current, approximately 375 
per cent, and the system to which it is 
connected is relatively stiff, it was deter- 
mined that the reduced-voltage method 
of starting could be omitted. The provi- 
sion for unwatering the pump is used for 
synchronous condenser operation and 
may be used in connection with full- 
voltage starting. 

Each motor is designed to operate as a 
synchronous condenser with the pump 
impeller operating in air as described pre- 
viously. Each motor, when operating at 
full rated voltage, has a synchronous 
condenser capacity of 8,250-kva leading 
and 17,900-kva lagging. 

Calculations, indicate that a maximum 
reverse speed of 235 rpm (130 per cent of 
normal) may be expected due to unre- 
stricted return flow of water in the dis- 
charge pipe following shutdown. The 
motors are designed to safely withstand 
this overspeed. 


EXCITATION 


The excitation equipment for each 
motor consists of a direct-connected ver- 
tical shaft, shunt-wound, 150-kw 230-volt 
main exciter mounted above the thrust 
bearing and a rotating amplifier or ‘‘“Reg- 
ulex’’ exciter set driven by a 10-horse- 
power, 1,750-rpm induction motor. The 
main exciter is designed to operate self- 
excited either with or without the rotating 
amplifier. The ‘‘Regulex’”’ generator has 
the equivalent of two complete d-c wind- 
ings and operates as a 2-stage amplifier, 
the second stage having an output of 5- 
kw at 250-volts. The ‘Regulex” gen- 
erator is connected in the main exciter 
field circuit in series with the motor- 
operated rheostat and can operate to 
either buck or boost the exciter field. 


VOLTAGE REGULATION 


Provision is made for either manual or 
automatic voltage regulation and power 
factor control by switching the ‘“‘Regu- 
lex”’ set in or out of service. Manual reg- 
ulation is accomplished by operation of 
the motor-operated main exciter field 
rheostat, with the main exciter operating 
self-excited. During starting this type of 
regulation is employed. Automatic volt- 
age regulation is obtained through the 
operation of ‘“Regulex’”’ control equip- 
ment. In addition to the rotating am- 
plifier this equipment consists of a cubicle 
assembly containing a comparison net- 
work, a voltage control powerstat, current 
compensators and related equipment. 
The comparison network is energized by 
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instrument transformers in the motor 
leads, The desired terminal voltage is 


selected by adjusting the powerstat and 
essentially the equipment 10 
maintain this voltage from signals re- 
ceived from the comparison network, 
is designed to maintain voltage within 
0,5 per cent of the setting, 


operates 


Auxiliary Equipment 


Moron Prormerivie WOUTPMIONT 


Hach motor is provided with surge pro- 
lective equipment consisting of heavy 
duty atation-type lightning arresters and 
surge-protective capacitors, This equip 
ment is connected to the main motor 
leads and is mounted in a cubicle installed 
adjacent to the motor, Also included in 
this cubicle are instrument transformers 
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TRANSVERSE SECTION THRU UNIT 


Figure 7. Typical cross section 


for metering and relaying, potheads for 
terminating the main supply 
cables, and necessary bus to connect to the 
motor main leads, 


motor 


NwWUTRAL GROUNDING HOUIPMENT 


The neutral of each motor is grounded 
through a current-limiting reactor of the 
single-phase, indoor, dry type. These 
reactors are rated at 0,87-ohm impedance, 
and have a thermal current rating of 
7,500 amperes for 1 minute, Bach re- 
actor is enclosed in a metal housing and 
installed adjacent to its respective motor, 
“This equipment and that deseribed in the 
preceeding paragraph was furnished by 
the General Mlectric Company, 
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POWER SUPPLY, SWITCHING, AND CABLES 

Figure 8 shows the single-line diagram 
of the pumping plant and associated part 
of the Tracy Switchyard. Power for the 
operation of the pump motors will be 
supplied from the switchyard, through 
circuit breakers connected to the 13.8-kv 
bus. Located in the switchyard and con- 
nected to the same bus is a 50,000-kva 
synchronous condenser. The motor sup- 
ply cables are connected to the bus 
through oil circuit breakers. These cir- 
cuit breakers are rated 1,500,000-kva, 
15,000 volts, 2,000 amperes. From these 
circuit breakers, insulated cables lead 
through a tunnel and bridge to the in- 
dividual motors, an average run of ap- 
proximately 1,000 feet. There is one 
cable per phase. The cables are 1,250,000- 
circular mil, single-conductor, solid-type, 


ATEE TRANSACTIONS 


weiSelp aulj-2jSuis yuejq Suidung Arey °“g ainB14 


09 #8 “AN OT! “Wee OOS “WAR 000'0E mos'ec Am @kt “Ada 009 VA 000'06 
WIENIONOD SNONOBHONAS wISNIONOD SHONCUEN AS fe 
Oy) 


a wo 
§/0008 wk ~ ty peel 
4 aa phe) SEP: 


_S ami2uos 1 = 
OE 
jonv imi} Dw Awe 


ipa ;AtBoBece 46ArO DORI 
oats 
taj suseamoe wean 
oa 


02991-4-v17 “80 
WHAM yeOg some/sues, U 


2-277 NO8I/ 008" wi-V-B 


Fe __62981-0-vi2 oy bag 
811-281 Of 


tld 
SAG AVES Of 


ozgri--via On bag ‘A0z1/008'bI-V2~ 
= % S21-281 OL 


é ‘n031/ 00% “We 


#19,6/000%-At-« 


tom sng vezm 

woZM wOIzm 
~/002! -s6- - Che os 
0002 Gu 


4 9/0008-A5--- 


~ be 


7, 9/0008 -a6--. 


‘sNVeLOLNV 
OmwilwvLs. 


‘SNVULOLNY 
SNILUVLS, 


H (2, OMVAWOLIAS a 
rt) 4 ‘AM O'S) 


(SO) 6/001 -4e 


+002) 


Fg 5/0008 - 46 
|, 9/000E-AS~ 
Siza 


Sas Looe SHUN 
-§/0008 46 { b igorouny 


—_-—--— 4 -——— 


Sad ONIZAVISN cay eS el "ea aieignoware 


021234w09 
$5009 

_-W$/008-2 

worioisans swn 5/ OPS ARSs =< Po one 

psodyrptas Of + s - 


syoapoay sbpig sali) puo | ¥s/00@-+" 


10v0) o,opuem 04/2g | @242900¢2 $5049 | o2i2ameo0 5082; womege $30! caso zeae $5049 } uo1404s9nS 4100 
ws/oag-2---* ws57008-2--" See Coomt buidwng 2, 
a nM *y 4 4uojd Suidwng oJ 
J & a ‘ 
z Ef SS s 
LNV id ONIENNd = rs Z i 3SNOM TOMLNOD OUVAHOLIAS 
wOlLvLSENs LINN $ * ES . woIlLVLS@NS LINN 
JIIAWIS MOVIE 8 3 g 8 2OIAWIS NOILVLS 
S S g 
‘ps0g 014u02 8 8 8 8 
widw UO pa420 suaudinda sa4o>puy (m) ‘A0Be/00P'e! Mog ‘AQa/ 008"! : < s ‘A06%/00%'»! Aer ool 
* 
jauod j0.4u02 van avoee ¢¢ V3} V0 VA Se or ¢ fa cd vAw OOF 
pIaip vo p24020) suewdinbe sajo2/pul (3) GGEEG |GECOOCE sumssiire yaw OOF 
psoog j044u02 si $9G Ax BEI OL Vv = 
iN YO pajo20) suswdinba $a409/puT 
URIS Pa OOE Ie seep he 0) 2aex pigsi-a-vi2 wosboig aur7 ajbuis) @2ex a as part 46s vow 
‘Aaja 2414294040 4n0y/nd pj2'4 G6) WaishS a21A49S UOHOIS 4 12/24, Hide : d YGMWAHOIMS 
Aojay Burgi; juassna 3!765) 3 INV 1d ONDA 
spayou so sdaana ( Ajanyoadsas 2269 puBezezZ VS) - 
WOI4OI20SSy SpsopuNs uWOIVaWY aus JO SP1OPUOYS B44 41m 
2900910220 wi 10 S/9QUrrY UOIZDUNY a2/Aap PUD S|OQWAS |Iy  Z 
vasn Os Si SZEGI-O-bIz WU WOTIO INIT FIONIS-O4VAHILIMS-NO/LNGIBLSIO 170A O9e 
umoys 0104 samo) ‘01401 wnwixow si UMoYs o1yos 4aybIY PISEI-O-/2"  NUEDEIT INIT JIONIS-INU Td ONIAWNA-NOILNDIYLSI 170A 09% 
*sawsoysudsy 4uasand adAy-Buiysng ONos~1y/nw sajoubisag or @Z9P1-O- 912 WVWDTIO INIT PIDNIS-OMWANILIMS ANGD ONT SII ore 0006 “AM O'S) Md w OB! ‘dH OOS'2z duvow.towlno2, uno E i 
4 ‘Ow 3 y 
S310N SOMAVWa 39NIUTI9¥ SwOLOW dWNd cee yaa Pa peiainaes a 
duro 10¥1NOS wicR * > @ ea 


isnray 191704 


1543 


Richardson—The Tracy Pumping Plant 


1951, VoLumE 70 


impregnated paper-insulated, lead 
sheathed for 15,000-volt ungrounded 
neutral service. The lead sheath is 


covered with a neoprene jacket. The 
cables are supported on wooden clamps at 
30-inch intervals, which are in turn sup- 
ported on a suitable steel and nonmag- 
netic metal structure. These cables ter- 
minate in potheads at the motor protec- 
tive cubicles described previously. 


CONTROL 


Normal control of each pumping unit ts 
centralized in its associated unit control 
board located on the pump. floor in each 
main unit bay. A unit board provides for 
normal pump starting, running, and stop- 
ping. 

Limited controls also are provided 
at the main control board in the switch- 


yard, The control switches, indicating 
instruments, protective relays, gauges, 
annunciator equipment, and other de- 


vices necessary for the control of the 
pumping units are located on the unit 
control boards and associated hydraulic 
gauge boards located on the pump floor 
in each main bay on the intake side of the 
plant. 

A master control switch on each unit 
board determines the point from which 
the main motor circuit breaker can be 
closed, The unit cannot be started from 
the switchyard until most starting opera- 
tions have been completed at the unit 
board. Normal shutdown is controlled 
only from the unit boards, but emergency 
shutdown can be initiated from the 
switchyard control board regardless of the 
position of the master control switch. A 
motor-condenser transfer switch on each 
unit board permits selection of the opera- 
tion desired, 

Assuming main and auxiliary equip- 
ment in normal and operating conditions 
and control switches in the proper posi- 
tion preparatory to starting, the following 
procedure is used to start a motor for 
pumping operation from the unit control 
board; The cooling water and lubricat- 
ing oil pumps are started and the main 
motor circuit breaker is closed. After the 
motor has synchronized under automatic 
control and scroll-case pressure is built 
up to normal, the butterfly valve is 
opened, The exciter field rheostat is ad- 
justed to obtain desired vars and the 
“Regulex” exciter set started and ad- 
justed to zero output and then placed in 
voltage control operation. 

Normal shutdown procedure consists in 
closing the butterfly valve; adjusting the 
voltage regulator to zero output and 
taking it out of service; and tripping the 
main circuit breaker, After the speed has 


1 


dropped to one-quarter speed, the brakes 
are applied and the unit brought to a 
stop. The cooling water and lubricating 
oil pumps are then shut down. During 
these operations, the siphon circuit 
breaker in the pump discharge pipes 
operates as described later. 

For synchronous condenser operation 
the water in the pump casing is depressed 
to permit operation of the pump in air 
and the butterfly valve remains closed. 

Under emergency or relay operation 
shutdown the main motor circuit breaker 
is tripped as the first operation and the 
butterfly valve closes automatically but 
not in time to prevent reverse water flow 
and reverse operation of the unit. 


ANNUNCIATION 


Annunciation of unit,trouble is located 
on the associated unit control board. 
Annunciation of station auxiliary equip- 
ment is divided among the unit annun- 
ciators. The annunciation system is 
operated from 125-volt d-c station bat- 
tery supply and is supplied through a cir- 
cuit breaker to each unit annunciator 
group. The annunciator system employs 
plug-in, telephone-type relays and other 
devices to perform the following functions 
upon closure of a trouble contract: 


1. Light a trouble indicating lamp in the 
group on the unit control board; this lamp 
will continue to burn until manually reset. 


2. Sound an audible alarm, which will 
continue to operate until manually reset. 


3. Light a pilot lamp above the associated 
annunciator group, which will continue to 
operate until reset. Reset is by same device 
as for audible alarm. 


D-C System 


Direct current at 125 volts is supplied 
to the pumping plant from a battery 
located in the control house in the Tracy 
Switchyard. Charging facilities and the 
main d-c distribution board also are in 
that location. Cables proceed from it 
through the cable tunnel to the pumping 
plant. 


STATION-SERVICE SYSTEM 


The main elements of the station- 
service system are shown on Figure 9. 
Station-service power is supplied from the 
13.8-kv bus in the switchyard through two 
13.8-kv circuit breakers. Two 3-con- 
ductor number 6 cables lead from these 
circuit breakers in the switchyard through 
the cable tunnel terminating in a double- 
ended, 1,500/1,874-kva, 3-phase 14,400- 
to 480-volt load center unit substation, 
located in the cable gallery on the down- 
stream side of the plant. 
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Miscellaneous Pumping Plant 
Equipment 


BUTTERFLY VALVES 
A 108-inch butterfly valve is installed 
in the discharge pipe of each pump. The © 
valves are primarily necessary due to the 
fact that the pumps are connected in 


pairs to a common discharge .header. | 
Under normal conditions of operation, the | 
valve is opened after its pump is started 
and its motor synchronized, and is closed 
just prior to shutdown. It remains closed 
when its pump is not in operation or’ 
while the associated motor is being oper- 
ated as a synchronous condenser. Auto-_ 
matic shut-down of a motor initiates 
closure of the associated valve. Power 

failure initiates closure of all valves. The 
valves are operated hydraulically from 
actuator tanks equipped with oil pumps, 

air compressors, electrical control system, 

and other suitable auxiliaries. One 

minute is required to completely close the 

valve, it being two-thirds closed in 14 

seconds, requiring the balance of the time 

to close the remaining one-third. Three 

minutes are required to open the valve. 
Manually-operated mechanical locks are 

provided for locking each valve in the 

closed position. The controls are ar- 

ranged so that both the opening and 

closing cycle must be completed before 

its motion can be stopped or reversed. 


SIPHON CircuIT BREAKER 


The three main discharge pipes dis- 
charge through a siphon structure. A 
single-siphon circuit breaker installation 
is connected to the high point of each 
siphon. Two vacuum pumps are used to 
keep the siphons evacuated while water is 
being pumped. The siphon circuit 
breakers operate to vent the siphons to 
the air when the associated pumps are not 
in operation to break the siphon action 
and prevent return flow of water from the 
discharge canal, and permit draining of 
the discharge pipes when the associated 
butterfly valves are open. Closing of a 
motor circuit breaker initiates starting of 
vacuum pump motors which evacuate 
vacuum tanks. When water in the dis- 
charge pipe reaches discharge level, clos- 
ing of the siphon circuit breaker is ini- 
tiated by float switch action and vacuum 
is applied to the siphon by the operation 
of suitable valves. Vacuum is automati- 
cally maintained in the tanks between 16 
and 24 inches of mercury by the operation 
of pressure switches... A siphon circuit 
breaker opens when the last pump of an 
associated pair is shut down through 
auxiliary contacts on the motor circuit 
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breakers. Coincidently suitable valves 
close to disconnect that particular siphon 
from the vacuum system. When the last 
of the six main pumps is shut down, the 
vacuum pumps also are stopped. The 
opening time of the siphon circuit break- 
ers is adjustable and is normally adjusted 
to 2 seconds opening time. Test switches 
are provided to by-pass normal control 
switches to provide for test operation of 
the circuit breakers. 


CRANES 


Three cranes are installed in or on the 
pumping plant. They consist of the main 
pumping plant crane, the pump gallery 
gantry crane, and the machine shop crane. 
The main pumping plant crane is an out- 
door type, travelling, gantry crane operat- 
ing on 175 pound rails laid on top of the 
pumping plant. It is of 100-ton capacity. 
This crane is used for installing and 
servicing the pumping plant main units, 
trash racks, and for transporting the 
pump gallery crane from one gallery to 
another. It has a 100-ton main hook and 
a 20-ton auxiliary hook. The crane is 
operated on a 440-volt 3-phase 60-cycle 
circuit supplied from conductor rails con- 
cealed in a parapet on the intake side of 
the plant. Operation is from a cage 
mounted between the south legs of the 
crane. 

The pump gallery crane is of special 
interest as it is designed for use in as- 
sembling and disassembling the rotating 
parts of the pump without disassembly of 
the motors. It has a 21-ton hoist and a 


40-ton hydraulic jacking frame used for 
removing and assembling the pump 
shafts. These pump shafts are in two 
parts with flanged connections to facilitate 
removal. The crane travels transversely 
of the plant with tracks leading outside. 
Parts removed by it may be picked up by 
an auxiliary hook of the main gantry 
crane and transported to the machine 
shop. The pump gallery crane also is 
transported from one pump bay to an- 
other by means of the main gantry crane. 
The pumping plant machine shop crane 
is a 3-motor floor-operated, indoor, 
travelling-bridge type crane used for 
transporting pump parts and other items 
in the machine shop. Controls are oper- 
ated from the floor by means of pendant 
cords. The hoist is of 25-ton capacity. 


AUXILIARY AND SERVICE EQUIPMENT 


Auxiliary and service equipment con- 
sisting of systems for drainage, unwater- 
ing, oil handling, high pressure water, 
service water, compressed air, fire pro- 
tection, sewage disposal, heating, and 
ventilating are provided in the pumping 
plant. Suitable pumps, purification 
equipment, compressors, portable fire 
protection apparatus, space heaters, cool- 
ers, and blowers together with the neces- 
sary piping and ducts are provided for 
these facilities. 


Field Tests 


After the equipment has been installed, 
the pumps will be given acceptance tests, 
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and the motors will be given field tests. 
At this writing, three of the units have 
been installed, and tests are scheduled to 
start in the near future. 

Acceptance tests of the pumps will con- 


form to the general methods prescribed | 


by the test code of the Hydraulic Insti- 
tute, and will cover determination of 
pump output and efficiency. In addition 
a run-away test will be conducted on at 


least one pump. This will consist of per-— 


mitting water to return through the dis- 

charge pipe with the motor shut down. 
The motors were not completely as- 

sembled in the factory so that no factory 


tests of an assembled motor were con-— 


ducted. They will therefore be given 
conventional tests in the field in accord- 
ance with the standards of the American 
Institute of Electrical Engineers. These 
tests will include saturation, efficiency, 
overspeed, heat run, and tests to deter- 
mine constants. Data from the efficiency 


test will be used in determining pump 


efficiency. 


Conclusions 


The purpose of this paper is to bring a 
description of the salient features of the 
Tracy Pumping Plant into a single paper 
and include an outline of its function in 
the Central Valley Project. 

The completion and operation of this 
plant will fill a great need for additional 
water supplies in the lower San Joaquin 
Valley for irrigation, municipal, and in- 
dustrial use. 
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Synopsis: Very little has been published in 
the past regarding the hazard to the integ- 
rity of long control circuits due to possible 
excessive rise in ground potential at one 
end of the circuits during station faults; 
and the verification of the safety of such 
control circuits through actual tests. This 
paper describes the rather unique arrange- 
ment at Grand Coulee power plant wherein 
the plant is located at the bottom of the 
Columbia River Channel and one of the 
associated 230-kv switching stations is 
located on a rocky plateau approximately 
600 feet higher in elevation, thus requiring 
- control cables over 4,000 feet in length. 
By means of several fault tests staged spe- 
cifically for this purpose, and as a by-product 
of subsequent high-interrupting capacity 
circuit breaker tests, the actual rise in 
ground potential was determined and the 
safety of the control circuits positively 
verified, under 60-cycle fault conditions. 


HE power development and physical 

plant at Grand Coulee, on the mighty 
Columbia River, 93 miles west of 
Spokane, Wash., is unique in many 
features and has been the subject of a 
great many articles presented in a wide 
variety of publications in the past. How- 
ever, despite such prominence, there still 
temains many interesting and important 
engineering aspects of this great project 
which have been inadequately covered. 

From the electrical engineer’s view- 
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230KV. AUX. BUS. + 
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point, the Grand Coulee power plants and 
appurtenant switching stations are unique 
in that unprecedented machine capacity 
consisting of an ultimate installation of 
17 120,000-kva units is connected to a 
single 230-kv bus, and an 18th unit of 


SPOKANE LINES 
NO, 3 NO. 4 NO.2 


MIDWAY LINES 


similar capacity also is connected to this 
bus through the 115 kv system, see 
Figure 1. All main unit transformer 
neutrals are solidly grounded and there 
are no reactors in the bus to limit the 
available short-circuit current values to 
below the possible maximum of approxi- 
mately 15,000,000 kva, which is, however, 
theoretically attainable only under a 
certain combination of several adverse 
conditions. When considering probability 
factors, such as routine machine outages, 
overhead ground wire protection ad- 
jacent to the station, degree of asymmetry 
of fault current, decrement factor, and 
others, faults greater than about 12,000,- 
000 kva may be expected at rather infre- 
quent intervals. 

The Grand Coulee power development 
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Figure 1. 
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Single-line diagram of the Grand Coulee 230-kv ring bus, with 18 120,000-kw 


generators, 12 ultimate 230-kv transmission lines and the lesser important 115-kv installation 
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Figure 2. 


also is rather unique in that, as in the case 
of the Hoover power plant, the high- 
voltage switching facilities on the west 
bank of the river are located on a rela- 
tively high rocky plateau with inherently 
poor ground resistance characteristics, 
see Figure 3. Because of the proximity of 
well-drained bedrock, driven ground rods 
were infeasible, and long ground leads to 
the powerhouse and tailrace mats were re- 
quired. This fact, coupled with the high 
fault currents available, inherently tended 
to jeopardize the safety of the switching 
station and its equipment. A more com- 
plete description of the plant and switch- 
yard facilities has been presented before 
the Institute in earlier papers and will not 
be duplicated here.) 

The physical arrangement at Grand 
Coulee also is unique from the standpoint 
of length of control cable circuits. Due 
to the necessary remoteness of the switch- 
yard site, to the west and approximately 
600 feet in elevation above the power 
plant, the majority of the oil circuit 
breaker control and instrument circuits 
are just short of a mile in length. A few 
circuits exceed a mile from one power 
plant to the switchyard on the opposite 
side of the river. 


Scope of Problem 


Because of the unavoidably long con- 
trol and instrument cable lengths, to- 
gether with the excessively long ground re- 
turn path from an assumed point of 
ground-fault in the switchyard, back to 
the transformer neutrals at the power 
plant, it was conceived that a solid ground 
fault of maximum magnitude in the sta- 
tion might cause an impedance drop in 
this ground return of sufficient magnitude 
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Aerial view of the 4,300-foot Grand Coulee Dam, with 
duplicate power plants on either end of the 1,650-foot spillway 


to raise the whole switchyard ground 
potential to a point which would threaten 
the insulation on the control cables or the 
associated equipment wiring. Also, of 
considerable concern were the occurrence 
of several unexplained trip-outs of circuit 
breakers during system trouble; the un- 
desirable but unavoidable ringing of local 
subscriber’s telephone bells simultane- 
ously with system ground faults or staged 
tests in the immediate area; and the 
occasional loss of oscillograph elements 
during recent circuit breaker interrupting 
capacity tests, apparently from over- 
voltages on adjacent instrument circuits. 
Due to the complexity of the grounding 
network, as evidenced by an inspection of 
Figures 4, 5, and 6, it was quickly deter- 
mined that the only practical approach to 
the problem of the determination of 
ground mat potential rise and the conse- 
quent hazard, if any, to the control cables 
was through staged tests. 

The principal concern was in regard to 


_-MAT UNDER POWERHOUSE FOUNDATION 


Figure 3. View of the Right Powerhouse in the foreground; 


| 
Left®) | 
Powerhouse in the center background; and the Left Switchyard at the — | 
extreme top 


heavy 60-cycle fault currents of possibly 
several cycles duration, for which ground- 2 


able. 
lightning surges, the surge impedance of — 
the bus is reduced to a relatively low 
value due to the multiplicity of 17 trans- _ 
former circuits, 2 trans-river tie circuits | 
and 12 outgoing lines, all terminating on | 
the Coulee 230-kv ring bus. A lightning — 
arrester is located at each power trans- # 
former at the termination of each of the | 
17 transformer circuits. Difficulties from __ 
overvoltages from lightning surges are not it 
anticipated; however, if a flashover — 
should occur in the switchyard, the surge | 
current and associated voltage would | 
tend to quickly dissipate through mul- — 
tiple paths, such as the double ground — 
wires over each of the above 230-kv cir- — 
cuits, as well as into the station ground. 
As a matter of fact, since the addition of 
several new 230-kv outgoing lines and | 
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Figure 5. Typical section showing grounding details in four of the nineteen 230-kv bays of the 
Left Switchyard 


lightning arrester operations as recorded 
on special counters, have actually de- 
creased markedly. Therefore, as stated 
above, this paper will deal only with the 
investigation of possible overvoltage 
hazards incidental to 60-cycle ground 
faults within the 230-kv switchyards. 


to determine the relative proportion of 
fault current returning to the transformer 
neutral via the transformer circuit 
counterpoise route, as indicated in Figure 
6, as compared with that portion return- 
ing through the more direct route and 
through other parallel paths. Also, such 
information indicated the apparent ef- 
fectiveness of a solid connection at this 
point between these two ground re- 
turns, with reference to the limiting of the 
potential rise of the switchyard ground 
mat. 


Test Objectives 
The principal test objective was to de- 


mat potential rise at several representa- 
tive points on the grounding system, as 
shown in Figures 6 and 8, using a main- 
unit generator isolated from the system. 
In an attempt to ascertain the worst 
possible condition, and as a cross-check 
between tests, faults were applied at 
several locations. Also, for the same 
reason, generators in both power plants 
were utilized as a source of fault current. ¥ 
Examination of the resulting data then e wk 

revealed the most unfavorable set of to PE gree bette 
conditions and permitted the extrapola- : 
tion of the test potentials to values cor- 
responding to that which would have been 
obtained, had the full compliment of 18 
main unit generators and interconnection 
with the power system been used. From 
these values, direct comparisons with the 
control cable and equipment wiring in- 
sulation level then made the degree of 
hazard quite evident. All control and in- 
strument cable at Grand Coulee is rated 
600 volts, and is given a 1-minute high- atts oa 
potential test at 1,500 volts, direct cur- 500,000 cm: 
rent, after installation and splicing. 
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POINT OF FAULT APPLICATION 


In general, to assure test data as con- 
clusive as possible, consistent with the 
limited number of tests available, the test 
program included ground faults in both 
the Right and Left Switchyards, using 
generators in both the Right and Left 
Powerhouses. The initial test series per- 
formed on June 7, 1950, consisted of three 
faults with an arrangement as shown in 
Figure 8(A), as follows: (a) Single gen- 
erator in the Left Powerhouse supplying 
fault current to a bolted fault in the Left 
Switchyard, (b) single generator in the 
Right Powerhouse supplying fault current 
to a ground in the Left Switchyard, on the 
opposite side of the river, and (c) a single 
generator in the Right Powerhouse sup- 
plying fault current to a ground in the 
Right Switchyard. The second test 
series conducted on the following week- 
end, June 15, 1950, Figure 8(B), consisted 
of a single fault with an arrangement 
similar to (a) above, except that all in- 
strumentation was moved from the Left 
Switchyard to the Left Powerhouse, as a 
verification test for possible inductive 
pickup effects in the instrument leads. 
Spare lead-covered control cables in an 
underground cable tunnel were used for 
the potential circuits, with the exception 
of the circuit between powerhouses, 
through Grand Coulee Dam. Rubber- 
covered nonshielded cable was the only 


le a aoa 


\ 
cx 


LH \ 


LECT ff See _4-750,000 cm 


“To TAILRACE GROUND MAT~ 


itt POWERHOUSE | 
NS KV 


‘TO POWER PLANT GROUND 


From a purely academic viewpoint, and 
because of the relative ease of determina- 
tion, a secondary objective of the test was 
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Figure 6. General grounding plan on the West bank of the Columbia River, for the Left Power- 

house, Left 115-kv and 230-kv Switchyards, and for the tower footings on the ten 115-kv and 

230-kv generator circuits. This paper is principally concerned with the difference in ground 
potentials between the mats shown on this drawing 
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Table |. Summary of Test Values of Potential Differences Between Various Points on Coulee Grounding System During 1950 Tests 
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Test rane Fault Component, Rms Symmetrical Component of Ground Mat Potentials—Volts* 
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* See reference Figure 8 for location of potentials obtained between various points on grounding system. 


** Fault current supplied by single 120,000-kva generator isolated from the system. 


+ Instrumentation located at left powerhouse on Test 4. 


t Measurement discontinued for safety of instrument circuits. 


type of cable available for these circuits. 
Single generators were utilized as the 
power source for the above tests for 
operating reasons, and to facilitate the in- 
terpretation of the results, as related to 
the ultimate 18-unit plant development. 

A third test series was performed on 
August 20, 1950, Figure 8(C), by taking 
advantage of an opportunity afforded by 
the high interrupting capacity circuit 
breaker tests, recently reported before the 
Institute.2 However, due to the multi- 
plicity of generators in both plants, to- 
gether with fault current feedback from 
several connected transmission lines, on 
Tests Number 7 to 10, inclusive, the in- 
terpretation of these results in relation to 
what would be expected of the ultimate 
18-unit plant is a little more obscure. 
These final higher-current tests were not 
without value, however, as they did 
furnish general verification of the results 
obtained on previous tests. 


POTENTIAL MEASUREMENTS 


The impedance potential drops, or 
change in relative elevations of potentials 


Table Il. Theoretical Maximum Differential 
in Ground Potential Between Coulee Switch- 
yards and Power Plants* 


ae 


between ground mats, due to the flow 
of fault current, were measured at the 
various points indicated in Figures 8(A), 
8(B), and 8(C). It is to be noted that in 
the first four tests, and more particularly 
during the subsequent high-current circuit 
breaker tests, several local measurements 
were obtained within the Left Switch- 
yard and the area immediately adjacent 
to the test circuit breaker. This special 
study, aside from the principal problem, 
was prompted by a history of unexplained 
losses of oscillograph elements during 
earlier circuit breaker tests, apparently 
from stray overvoltages on the grounded 
instrument leads. 


RELAYING AND INSTRUMENTATION 


All tests were conducted with normal 
voltage on the 230-kv bus and the single- 
line-to-ground faults were applied by 
closing a 230-kv oil circuit breaker into a 
solidly-bolted ground, except in Tests 
Number 5, 6, 7, and 8. In these cases, 
arcing-ground faults were initiated over a 
string of suspension insulators, as a re- 
quirement of the circuit breaker tests. 
For the isolated June 1950 tests, Numbers 
1 to 4, inclusive, an overcurrent relay was 
set to clear the staged fault in approxi- 
mately 28 cycles (60-cycle basis) and all 
values of current and voltage were ob- 


On all other tests, instrumentation was at left 230-kv switchyard. 


component only was read from the oscillo- 
grams, due to the random nature of the 
degree of offset; and as the initial in- 
crease due to transient and subtransient 
machine reactance had largely disap- 
peared at the time of fault clearing, on 
these particular tests, the same multiplier 
was considered sufficiently accurate for 
this purpose. 


Test Results 


The test results are summarized in 
Figures 8(A), 8(B), and 8(C) and Tables 
I, IJ, and III. Tests 1 to 6, inclusive, 
were performed with only one source of 
generation and therefore the resulting 
tabulated ground mat potentials, when 
referenced back to the transformer 
neutral point at the powerhouse, are truly 
representative of the impedance drop in 
the composite cable and earth ground re- 
turn, due to the flow of fault current be- 
tween the switchyard ground mat and the 
transformer neutral at the powerhouse 
ground mat. It therefore follows that, 
except for a negligible amount of induc- 
tive coupling in the paralleling control 
circuits, the difference in ground and as- 
sociated equipment frame potentials at 
the two reference locations will appear as 
voltage stress on the interconnecting 


Refer- a tained from the oscillograms immediately control cables and equipment wiring. 
ence eference Volt: ; s : 5 . : 
Test No. Figure No. £, x Ew before fault interruption, and represent In contrast with the single-unit tests, 


the rms symmetrical component only. 
As will be noted below, in the final analy- 


the remaining Tests 7 to 10, inclusive, 


sis a multiplying factor was used to Table Ill. Calculated Ground Return Neutral 
translate these single-unit steady-state Impedance 
. values into maximum values at the point : 
RTO a ee of fault initiati ; 2 Test 60-Cycle Impedance Z=E/I 
10087 cs hee ee ies . ce corresponding to com No. Calculated between Ohms 


puted fault currents with full plant and 


yee in peera decent 124.3 system capacity. 

y PACU. ; 1....Left Switchyard and Left...,0.00248 

* Corresponds to faults involving ultimate plant In the case of the August tests, which 2 4 Neal stone ian 

and system capacity, as estimated by applying the were c Oa CheteD ...)Left Switchyard and Right....0.00254 
ratio of ultimate fault current to test current, to onducted principally as circuit Powerhouse ; 
applicable test potentials E1, Es, and Ew of Figure 8 breaker performance tests, the faults were 3....Right es and Right... .0.00572 
and Table I, Due to fault current path configura- : ; Powerhouse 
tion, above ratio not applicable to other test po.  ©c2ted by fast relay operation in less than 4....Left Switchyard and Left....0.00288 
tentials. 3 cycles. Here again, the symmetrical pewerows 
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Figure 7. Left 230-kv Switchyard located on rock outcropping approxi- 
mately 600 feet above the powerhouse 


X,- FAULT - TEST No.1| 
X2- FAULT - TEST No.2 
X3- FAULT - TEST No.3 


COLUMBIA 
RIVER 


-RIGHT 230 KV 
* SWITCHYARD 


Xq- FAULT - TEST No.4 


-RIGHT 230 KV 
/ SWITCHYARD 


COLUMBIA 


“Eg 
ET V Wag as: RIGHT 
‘SWITCHYARD POWERHOUSE’ POWERHOUSE 
~<--*~ RESERVOIR -x:-> 
Figure 8(A). Identification of potential measurements with respect to 


the various ground mats, as summarized in Tables | and Il, obtained 
during the June 7, 1950 tests 


X - FAULTS - TESTS 5 TO 10 INCL 


/RIGHT 230 KV, 
{ SWITCHYARD 


Sepaves ees COLUMBIA 
ere RIVER 
Xo bee 
=. = ae eee ie Ps 
> se X; Weeszo~, 
ONO ema DAM Eyre 
E7: 5 7 ae oe 1 
Seer esOKV cet kt oe ty / ° 
GHT e 
SWITCHYARD POWERHOUSE” “TEST OCB ERD “RIGHT 
i Dulles: . POWERHOUSE’ POWERHOUSE 
LEFT 230 KV: 
 SORESERVOIR ~-.-= SWITCHYARD’ ? 
<2 RESERVOIR ~~: 
Figure 8(C). Identification of potential measurements as summarized 


Figure 8(B). 


performed on the Northwest Power Pool 
System, included a rather indeterminate 
contribution ot fault current from remote 
grounded-Y transformer banks which 
did not result in a proportionate increase 
in the impedance potential difference be- 
tween the powerhouse and switchyard 
ground mats. Therefore these tests are 
looked upon for general confirmation of 
previous isolated tests, at the higher cur- 
rents otherwise unattainable by other 
means. 

Consideration was given to possible 
errors in instrumentation due to inductive 
coupling between the excessively long 
oscillograph circuits and the fault current 
path. Lead covered, twisted, spare con- 
trol cables were utilized wherever possible 
for instrument leads. Inasmuch as the 
primary single-phase fault current formed 
a closed loop from the main-unit trans- 
former at the powerhouse via one of the 
230-kv transformer circuits to the point of 
fault in the switchyard, and returned par- 
tially through the continuous copper 
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Identification of potential measurements as summarized 
in Tables | and II, obtained during the June 15, 1950 tests 


path, Figure 6, and partially through 
earth; and inasmuch as the potential tap 
instrument circuit bridged the loop from 
one extreme end to the other, the induced 
voltages from the fault current flowing in 
opposite directions would tend to cancel 
in the instrument circuit. It was recog- 
nized, however, that the instrument cir- 
cuit was somewhat more closely coupled 
with the ground return path than the line 
conductor, but due to the physical re- 
moteness of both, any possible effects were 
considered negligible. 

As stated previously, the currents and 
potentials shown in Table I are actual test 
values of rms symmetrical components 
only, as scaled from the oscillograms. 
Table II contains the same data except 
that the values of potential rise have been 
multiplied by the ratio of computed 
maximum ultimate fault current, divided 
by the actual test current, to obtain the 
maximum potentials possible under the 
condition of full plant and system capac- 
ity. The values thus obtained for the 
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in Tables | and II, obtained during the August 20, 1950 circuit breaker 


performance tests 


first half-cycle of fault current, properly 
represents the maximum possible voltage 
stress on the control circuits. 

By way of further explanation, in ex- 
trapolating the data for the single-unit 
test condition to that which would be ex- 
pected for the ultimate plant and con- 
nected system development, computation 
of the theoretical voltage rise resulting 
from a bus fault with contribution from 
all 18 units is a relatively simple matter 
from the basic test data available, but 
the additional portion of the voltage rise 
of the switchyard ground mat above the 
powerhouse mat, attributable to fault 
contribution from remote sources, is not 
readily computable without adequate in- 
formation on the distribution of this re- 
turn current. Lacking such information, 
and at the same time recognizing that the 
continuously submerged power plant and 
tailrace ground mats, Figure 4, and the 
miles of intricate and extensive mesh of 
12-inch copper water-stop and grout-stop 
between the blocks in Grand Coulee Dam 
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Figure 9 (above). 
and the rock outcropping in the background which is typical of the vicinity 


Figure 10 (right), View of the general type of terrain between the Left 
Switchyard and powerhouse, illustrating the difficulties in obtaining adequate 


grounding 


resulted in a ground far superior to the 
switchyard ground mats, and also to be on 
the conservative side, the authors have 
taken the liberty of assuming the extreme 
case wherein the fault current paths from 
remote sources will find their way through 
earth to the powerhouse mats and thence 
to the point of fault at the switchyard 
through the copper counterpoise and 
buried grounding circuits, Such fault 
current contribution from other large 
generating sources such as Chief Joseph 
Dam would, under this assumption, add 
directly to the impedance drop between 
the two mats in question, Such an as- 
sumption is admittedly rather extreme, 
but from the control circuit safety view- 
point as related to the basic purpose of 
this investigation, a more severe situa- 
tion ig not forseeable, The data presented 
in Table If was therefore prepared on this 
basis, 

The measurement of the fault current 
flow from the Left Switchyard ground mat 
into the transformer cirenit counterprise 
mat for Test Number 1 indicated that 41 
per cent of the total fault current re- 
turned to the transformer neutral via 
this route; and Test Number 2 indicated 
HS per cent returned via this route, The 
fault current source for Test Number 1 
was a single unit in the Left Powerhouse 
and for Test Number 2 a single unit in the 
Right Powerhouse, 

The difference in ground potential in 
the local area between the grounded test 
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Right 230-ky switchyard at Grand Coulee power plant, , 


circuit breaker, and the switchyard 
ground mat near the point of fault, on 
Tests Numbered 5 to 10, indicated the ex- 
istance of relatively high values early in 
the test series and resulted in the dis- 
continuance of these measurements. 
These results clearly indicate the im- 
portance of carefully choosing the ground- 
ing point for oscillograph and instrument 
circuits during high-current fault tests, 
and the probability of relatively high 
potentials between adjacent circuits orig- 
inating at different locations. 


Conclusions 


In conclusion, it has been demonstrated 
that the method of verifying the effective- 
ness of the grounding systems at the re- 
motely located 230-ky switchyards at 
Grand Coulee, with respect to 60-cycle 
fault currents, by means of staged fault 
tests, is both feasible and convenient. 
The multi-unit and multi-line, heavy- 
current tests, utilizing the power system 
capacity, would not have necessarily been 
required as a part of the test, but the data 
obtained assisted in further substantiating 
earlier test results. The basic method of 
analysis presented in this paper is not, of 
course, applicable to investigations for 
lightning protection but may be indica- 
live of conditions during a power-follow 
fault after flashover has occurred. 

It may be safely concluded that the 
station control circuits between power 
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plants and switchyards at Coulee, and 
associated equipment wiring, except as 
noted below, are safe from excessive volt- 
age stresses, due to differentials in poten- 
tials between ground mats, from a 60- 
cycle standpoint. 

The tests indicated unmistakable evi- 
dence that in a local area within a given 
switchyard, or within a specific area such 
as immediately adjacent to the special 
test circuit breaker during the August 
1950 tests, undesirably high overvoltages 
do occur which may jeopardize the con- 
trol circuits to that individual piece of 
equipment. This evidence appears to ex- 
plain the loss of oscillograph elements on 
earlier high-capacity circuit breaker tests 
when instrument circuits were not all 
grounded at the same point. 
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The Use of High-Speed Relays in 
Electric Analogue Computers 


R. R. BENNETT 


ASSOCIATE MEMBER AIEE 


NALOGUE computers are usually 
considered to perform combinations 
of seven basic mathematical operations: 
addition, subtraction, multiplication, divi- 
sion, differentiation, integration, and 
function generation. This paper con- 
siders applications of a ‘‘comparison oper- 
ation” which consists of a comparison of 
two quantities followed by one or more of 
the seven basic operations. 

A selection is a simple type of compari- 
son operation. For example, a system 
may operate such that when the output 
is positive, input A is selected; when the 
output is negative, input B is selected. 
Such an operation may be represented as 
comparison of the output with zero and 
addition of either A or B to the input, de- 
pending upon whether the output is 
greater than or less than zero. 

Comparison operations, or operations 
involving logical choice, are quite familiar 
to digital computers. In fact, by addition 
of the comparison operation to the rep- 
ertoire of an analogue computer the 
latter may be made to perform digital 
computations. In a sense then, an ana- 
logue computer so equipped is a more 
general instrument than its digital 
brother. It is capable of manipulating 
either continuous or discrete quantities. 

A high-speed relay, driven by a high 
gain d-c amplifier, may be used to effect 
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comparison operations in an electric ana- 
logue computer. Such a combination, 
here termed a relay amplifier, has been 
constructed to operate in less than 1 
millisecond with an operating sensitivity, 
(limited by drift, hum, and noise) of a few 
millivolts, The relay amplifiers are 
polarity sensitive in that only one polarity 
of input voltage will operate the relay. 
The relay amplifier then makes a com- 
parison of its input (or sum of inputs) and 
zero, The relay contacts effect the sub- 
sequent computing operations. 

An interesting use of such relay am- 
plifiers is for providing storage in an ana- 
logue computer, For example, one relay 
may be used to maintain a capacitor at a 
voltage f(t). The disconnection of this 
relay from the capacitor at time f, stores 
f(t) until some arbitrary later time when 
a second relay may be used to pick off 
f(t). Such a scheme may be used in 
automatically computing an autocorrela- 
tion function for a continuously available 
noise source. In reality, storage is a 
special case of addition in that it consists 
of continuously adding the quantity zero 
to the stored variable. 

The remainder of this paper considers 
the utilization of relay amplifiers to pro- 
vide computer circuits whose output- 


Figure 1. Symbol for a relay amplifier. 
Relay contacts connected as shown when the 
sum of the inputs is positive 
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Figure 2. Circuit for generating the absolute 
value of an input 


Figure 3. Circuit for simulating a limit stop 
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INPUT 
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OUTPUT 


both static and 


input relationships, 
dynamic, may be represented graphically 
by combinations of straight line seg- 


ments. Such relationships are quite 
common in the field of nonlinear me- 
chanics and in electromagnetic circuits. 

The symbol used here for a relay am- 
plifier is shown in Figure 1, The relay 
armatures are in the position shown when 
the sum of the amplifier inputs is positive. 
The armatures switch to the opposite 
terminals when the sum of the amplifier 
inputs is negative. 

Figure 2 shows a relay amplifier and in- 
verting amplifier (an amplifier having a 
negative gain of unity) connected to form 
an output which is equal to the absolute 
value of the input, as shown graphically. 
The relay selects the input if it is positive, 
or the negative of the input if the input is 
negative. Generation of the absolute 
value is of course synonomous with full 
wave rectification. 

In Figure 3 is shown an arrangement 
for limiting a variable. The output is 
equal to the input unless the value of the 
input exceeds a, in which case the output 
is kept at a by the relay. It is, of course, 
not necessary that a be a constant; if x 
and a are both variables this circuit 
selects the smaller (algebraically) of the 
two. 

Two relay amplifiers are used in Figure 
4 to provide a “dead space”’ character- 
istic. Each amplifier represented by the 


Figure 6 (right), Circuit for simulating com- 
bined static and coulomb friction 
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Figure 4 (left). 
Circuit for simu- 
lating dead space 


Figure 5 (right). 

Circuit for simu- 

lating ‘negative 
deficiency” 


INPUT 


INPUT X 


symbol —Z provides an output equal to 
the negative of the sum of its inputs. 
(Such amplifiers are common in analogue 
computers.) Inthe region -a<x<a the 
relays select ground or zero output. 


A characteristic sometimes called 


COULOMB FRICTION FORCE 


RELATIVE 
} VELOCITY y,, 


LIMITER 
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‘negative deficiency” is shown graphically 
in Figure 5. It is a double-valued func- — 
tion in the region —a<x<a, and the 
jumps occur in traversing the loop in the — 
direction shown. The accompanying cir- 
cuit holds x-+-a as the output whenever it 


STATIC FRICTION FORCE 


APPLIED FORCE 


Pa Pen! neg 


LIMITER OUTPUT 
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_ static and Coulomb friction effects. 
phenomenon of chattering, for instance, 


forces applied to the block. 


y=x—a. 


positive and switches to x—a when 
+a becomes negative (x—a is held as 
long as it is negative). 

It is sometimes necessary, in studies in- 
volving sliding surfaces, to include both 
The 


requires such inclusion. By way of ex- 
ample, consider the friction force be- 


| tween a surface and a block resting (or 
(sliding in one dimensional translation) 


thereon. When the block is stationary 
with respect to the surface, the static fric- 
tion force, F's, (see Figure 6) is equal and 
opposite to the sum, Fy, of the other 
(In the case 
where both sides of the interface are in 
motion, F, may include an inertial force). 
When F, exceeds, in absolute magnitude, 


the threshold, S, corresponding to static 


Discussion 


Adam G. Kegel (Westinghouse Electric 
Corporation, Pittsburgh, Pa.): The use of 
relays to give a comparison operation in 
analogue computers is a valuable concept, 
well presented in this paper. 

A circuit which produces the ‘‘negative 


deficiency” effect, using a relay amplifier 


which requires only one set of contacts, is 
shown in Figure 1 of this discussion. 

For the position of RA shown, a—x>0, 
which means that «<a, and the negative of 
the output is —y=a-—vx, or the output is 
This output will be maintained 
until a—x<0, which will put RA in the up 
position. RA will remain in the up posi- 
tion as long as —a—x<0O, which means that 
“>—a, and the negative of the output is 
—y=-—a-—x, or the output is y=x-+a. 
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friction, the block will begin to slide. 
While the block is sliding, the Coulomb 
friction force, Fe, is +C, the sign de- 
pending on the direction of the relative 
velocity between the block and the sur- 
face. C, the magnitude of the Coulomb 
friction force, is less than S. Cand S are 
here assumed constant. Whenever Vp, 
the relative velocity is not zero, the relays 
in the circuit of Figure 6 select + C for the 
friction force, Fr, (€ represents a small 
voltage chosen to be slightly greater than 
the drift and noise at the relay amplifier 
input). When Vp, is zero, (strictly, when 
€< Ve<e) the output, Fs, of a limiter cir- 
cuit is chosen for Fr. The limiter is 
shown, for simplicity, as a single circuit 
element rather than a collection of relay 
amplifiers or diode limiters. 

Many of the foregoing transfer charac- 


teristics, and others, can be simulated 
very simply by using diodes. However, 
the ‘‘softness’’ of diodes makes them un- 
satisfactory for many computer applica- 
tions. 

The relay is a ‘hard’’ device, and 
its delay time is negligible when con- 
sidered in relation to the upper frequen- 
cies of interest in computations on a slow 
speed analogue computer such as an elec- 
tronic differential analyzer. 

The examples given are merely repre- 
sentative ones. The techniques illus- 
trated may be extended to simulate any 
characteristic, single or multivalued, 
which can be represented graphically by 
a combination of straight line segments. 
Indeed, one may apply the methods of 
symbolic logic in systematizing the syn- 
thesis of circuits for such relationships. 


OUTPUT 
Yy 


INPUT 
x 


OUTPUT 


Circuit for simulating ‘negative 
deficiency" 


Figure 1. 
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The output is shown graphically as a fune 
tion of the input in Figure 1 of this dis- 
cussion. 


A. S. Fulton and R. R. Bennett: As Mr. 
Kegel points out in his discussion, it would 
be entirely satisfactory to produce the 
“negative deficiency’ characteristic using 
only one set of contacts as shown in his 
Figure 1. 

This obvious simplification of the circuit 
was neglected by us due mainly to the 
terminal arrangements on the computer with 
which the circuit was used, In particular, 
it is easier to use two sets of contacts rather 
than make multiple connections to one set 
of contacts. The relay amplifiers were con- 
structed having two sets of contacts in each, 
as was shown in Figure 1 of the paper. 
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Cable Through Tunnel Under Continental 
Divide Links Power Systems 


F.M. WILSON 


MEMBER AIEE 


T IS the purpose of this paper to discuss 
the salient features of the 69-kv gas- 
filled pipe-type cable circuit which was 
recently installed by the United States 
Bureau of Reclamation through the 13.1- 
mile-long Alva B. Adams Tunnel under 
the Great Divide. This tunnel, which 
pierces the backbone of the continent, is a 
major link in the vast Colorado-Big 
Thompson Project in northern Colorado 
and was constructed to carry diversion 
water from the western slope of the Rocky 
Mountains to the eastern slope for pur- 
poses of irrigation and power develop- 
ment. 

The cable installation is an integral 
part of the transmission circuit between 
the Estes Power Plant and the Granby 
Pumping Plant. This circuit connects the 
power systems on the eastern and western 
slopes of the Rocky Mountains and car- 
ries eastern slope power for operation of 
the Granby Pumping Plant. Two means 
of providing this circuit were considered. 
One was a transmission line over the 
mountains which would have skirted the 
Rocky Mountain National Park and 
crossed 11,850-foot-high Buchanan Pass; 
the other consisted of transmission lines 
on each side of the Divide connecting to a 
high-voltage cable circuit at the tunnel 
portals. The circuit including the cable 
installation through the tunnel was se- 
lected on an economic basis as a result of 
competitive bids for furnishing and in- 
stalling the two types of circuits. 

When the tunnel was built no special 
provisions were made to accommodate 
this cable circuit, because at that time it 
could not be definitely determined that a 
cable installation through the tunnel was 
the most economical method of providing 
this transmountain transmission circuit. 
Also, at that time the pipe-type cable 
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systems did not have the experience back- 
grounds which they now enjoy. As a re- 
sult, the cable circuit was installed in the 
top of the tunnel above the normal water 
surface so that the 550-cubic-foot-per- 
second capacity of the tunnel would not 
be reduced. 

A very short time was allowed for in- 
stallation of the cable circuit. The tunnel 
was drained in September 1949 for in- 
stallation of the circuit, and the job was 
essentially completed by May 15, 1950, 
when the tunnel again started carrying 
diversion water. Asa result, most of the 
construction activities had to be carried 
on during the winter season in high moun- 
tainous country. 

Figure 1 is a plan and profile of the 
Adams Tunnel showing the east and west 
portal areas and the depth and slope of the 
tunnel. 


Circuir DESCRIPTION 


Figure 2 shows the termination of the 
cable circuit at the west portal of the 
tunnel. The termination at the east 
portal is essentially the same. 

The circuit consists of three single- 
conductor cables housed in a 5%/;,.-inch 
outside diameter steel pipe supported 
from the top of the 9.75-foot diameter 
tunnel. The pipe is brought out of the 
tunnel at each end through a shaft to a 
cable spreader which is connected by cop- 
per tubes to single-conductor potheads 
where the cables are terminated. The 
potheads are connected to lightning ar- 
resters and then through gang-operated 
horn-gap switches to the overhead trans- 
mission lines. The sections of cable at 
each end of the tunnel and extending into 
the tunnel approximately 925 feet to the 
first splice and semistop joint have a 
300,000-circular mil conductor size. The 
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remainder of the cable circuit inside the 
tunnel consists of size 3/0 conductor. 
Different conductor sizes were required 
in the circuit to carry the maximum load 


of 30,000-kva because of the higher am- 
bient temperatures outside the tunnel and — 


near the portals. 
The pipe is filled with dry nitrogen gas 


at an average pressure of 200 pounds per _ 


square inch. 
From a mechanical standpoint, the 
installation is unique because the pipe is 


anchored and prestressed so that stresses 
due to wide variations in temperatures | 


are taken by the pipe without movement. 
The pipe is anchored at about 1,000-foot 


intervals and supported at approximately | 
20-foot intervals throughout the length of | 


the tunnel. 


Semistop joints are provided in the 


pipe approximately 925 feet from each end 
of the horizontal pipe run inside the 
tunnel and at intervals of about 2,686 
feet thereafter. The cable splices are 
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made at these semistop joints in the — 


pipe. 

Provision was made in the design to use 
the cable circuit for carrier-current com- 
munications. The initial installation will 
include two communication channels over 
the phase A conductor at frequencies of 
31.5 and 60 ke. One future channel over 
the phase C conductor is planned. 

The cable circuit has a capacitive react- 
ance equivalent to approximately 275 
miles of overhead 69-kv transmission line 
and a series impedance equivalent to 
about 5 miles of 69-kv overhead line. 


PIPE AND COATING 


Electric welded steel pipe conforming 
to the Standards of the American Pe- 
troleum Institute was used for this job 


and was pressure tested at the factory at — 


1,000 pounds per square inch. The pipe, 
which has an outside diameter of 5/1 
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Technical Power Committee for presentation at the 
AIEE Pacific General Meeting, Portland, Oreg., 
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inches and a wall thickness of 0.156 inch, 
was furnished in double random lengths. 
To limit the number of field welds, it was 
first planned to join the pipe lengths with 
bell and spigot joints, and a special pipe 
belling machine was developed. The pipe 
would not bell symmetrically, however, 
because of the longitudinal factory weld 
running the length of the pipe, and a few 
splits also occurred in this weld during the 
belling process. As a result, the bell 
joints were abandoned and the pipe 
lengths were welded together with sleeve- 
type joints. 

After sandblasting, the pipe sections 
were given a submarine coating consisting 
of coal-tar enamels and two wrappings of 
fiberglass to protect the pipe against cor- 
rosion in service. This application gave a 
minimum over-all coating thickness of 
5/32 inch, which was tested for defects 
with a wire brush holiday detector at 
12,500 volts. Although the shop-coated 
pipe was handled by cranes and hauled 
into the tunnel throughout the winter, 
often at temperatures considerably below 
freezing, there was no evidence of cracking 
or disbonding due to normal flexure and 
handling. 

It was originally planned to have the 
first pipe wrap of fiberglass and the 
second wrap of bonded asbestos felt. 
However, when this application was 
tried on several sections of pipe, the 500- 
degree Fahrenheit temperature of the 
coal-tar enamel resulted in release of 
volatiles from the felt which formed an 
abnormal amount of large gas pockets 
under the felt and many pinholes in the 
coal-tar enamel on both sides of it. Asa 
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result, a second wrapping of fiberglass was 
substituted for the bonded asbestos felt 
for all pipe on this installation, and a uni- 
form, gas-free coating affording more 
protection resulted. 


ANGHORS AND HANGERS 


Anchors and hangers for the pipe were 
cast from stainless steel to resist corrosion 
and to eliminate the need for a protective 
coating when installed in the tunnel. 

The rigid anchors are mounted to the 
tunnel roof by six 3-unit lead expansion 
anchors. Each anchor has two shear ring 
inserts embedded in the concrete tunnel 
lining which prevent longitudinal move- 
ment of the pipe due to temperature 
variations. Grout was applied through 
threaded openings provided at the base of 
the shear rings. These anchors, which 
were cast from 410 stainless steel, were 
used to prestress the pipe by stretching 
it to its equivalent length at 103 degrees 
Fahrenheit. This was done by means of 
adjustable stud bolts through the brackets 
on the anchors which were threaded into 
collars welded to the pipe. This arrange- 
ment required extreme accuracy in locat- 
ing the collars welded to the pipe so that 
they came within the anchor brackets in 
the proper position. The anchors have a 
maximum design stress of 31,300 pounds 
per square inch, a minimum yield point of 
70,000 pounds per square inch, and a 
minimum tensile strength of 95,000 
pounds per square inch. A total of 71 of 
these anchors were used in the installa- 
tion. Figure 3 shows an anchor with the 


pipe in place and the stud bolts threaded 
into the pipe collar, 
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STAINLESS STEEL (18-8) 
JACKING BOLT 


ORs 4 


Figure 2 (left). Longitudinal section through Adams Tunnel showing | 
terminal structure at west portal 


igure 3 (above). Pipe anchor showing arrangement for anchoring and — 


“STAINLESS STEEL ANCHOR 
(TYPE No 410) 


STAINLESS STEEL (18-8) COLLAR 


\TOP OF 9.75 FOOT 
DIAMETER TUNNEL 


prestressing pipe 


Pipe hangers support the pipe contain- 


ing the cable. Since the pipe will be in 


tension at temperatures up to 103 degrees | 


Fahrenheit, the hangers will under most 


operating conditions support only the — | 
The @ | 


weight of the pipe and cable. 
hangers, which were made of 18-8 stain- 


less steel and were annealed to relieve 
stresses, are secured to the tunnel roof by | 
The hangers | 


lead expansion anchors. 
have a minimum tensile strength of 70,000 
pounds per square inch and a minimum 
yield point of 30,000 pounds per square 
inch. 


CABLE 


Each cable has 480 mils of oil-impreg- 
nated wood pulp paper insulation which is _ 
covered with a moisture-resistant jacket — 


composed of several aluminum and poly- 4 


ethylene tapes in combination with copper — 
tapes. The cable has sufficient insulation — 
to permit ungrounded neutral operation — 
of the power system. On the outside, 
each cable has two spirally wound D- 
shaped copper skid wires for protection 
during pulling operations. The 3/0 stand- 


ard strand cable has a diameter of 1.461 | 


inches over the skid wire, and the 300,000 _ 
circular mil compact round cable has an _ 
over-all diameter of 1.561 inches. ’ 
The-cable was given thorough elec- 
trical and mechanical tests at the factory. — 
These tests included a high-voltage test | 
at 103.7 kv to ground for 15 minutes on — 
each cable length and high-voltage time 
tests at voltages up to 282 kv on repre- — 
sentative samples of the cable, 4 
The reels on which the cable was — 
shipped were sealed inside the lagging to _ 
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; 


prevent free moisture from collecting on 
the cable surfaces. After sealing with 
sealing paper, the reels were purged and 


| shipped under a slight nitrogen pressure. 


Several bags of silica-gel were shipped in- 
side each reel. Reels were protected from 


| direct rain or snow at all times and were 


placed in a heated reel house at least 24 
hours befare the cable was pulled. 


PRESSURE SYSTEM 


Consideration was given to the use of 
either nitrogen gas or oil as the pressure 
medium for this cable circuit. The 
simpler pressure-regulating facilities re- 
quired to take care of expansion and con- 
traction of the pressure medium over a 
wide range of operating temperatures 
were the basis for the selection of nitrogen 
gas for this purpose. The use of gas al- 
lows an approximately constant pressure 
on the cable over its entire length for any 
given operating temperature. If oil had 
been used, there would have been a con- 
siderable variation in pressure between 
the two tunnel portals due to the 110-foot 
difference in elevation. Small oil leaks in 
the system would have been easier to de- 
tect than gas leaks, but contamination of 
the diversion water by oil, even in minute 
quantities, would have been objection- 
able. 

The gas pressure system comprises 
69,058 feet of pipe through the tunnel, ter- 
minating at cable spreaders at each end 


. and connected by copper tubing to the 


pressure-regulating equipment. The reg- 
ulating equipment is located in the gate- 
house at the west portal and in the pres- 
sure equipment house at the east portal. 
The equipment at each portal includes six 
high-pressure nitrogen gas cylinders con- 
nected through a manifold header to the 
pipe, with the necessary valves, pressure 
reducing regulators, and pressure gages. 
Additional spare nitrogen cylinders are 
stored at each portal. 

The pipe run is divided by 26 semistop 
joints into sections, each approximately 
2,686 feet long, except for the shorter sec- 
tion at each end. The semistop joints 
provide for restricted flow of gas from one 
pipe section to another through by-pass 
piping under normal operating conditions, 
but are equipped with shut-off valves per- 
mitting isolation between adjacent sec- 
tions in case of a rupture or leak in the 
pipe. 

The gas pressure system is arranged so 
that it can be operated either as a closed 
system or with the connected gas cylinders 
floating on the system. Normally the 
system is operated with the manifold 

header valves closed, which isolates the 
terminal regulating equipment from the 
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pipe. This requires manual operation of 
the terminal equipment to adjust for 
pressure changes resulting from seasonal 
temperature variations or leakage. 

A maximum-minimum pressure relay is 
connected to the system at each portal. 
Each pressure relay is set to initiate an 
alarm when the pressure in the pipe falls 
below 185 pounds per square inch or rises 
above 225 pounds per square inch. Gas 
pressure alarm signals initiated by the 
pressure relay located in the west portal 
gatehouse will be automatically trans- 
mitted to the Granby Pumping Plant by 
supervisory control. This is done by 
utilizing one position of the supervisory 
control equipment used to operate the 
west portal gates from Granby Pumping 
Plant. Both visual and audible alarm 
will be given in the Granby Pumping 
Plant control room for abnormal gas 
pressures. The alarm signal will continue 
until shut off manually at the west portal 
gatehouse. At the east portal the gas 
pressure alarm signals will be automati- 
cally transmitted by radio to the Estes 
Power Plant: A frequency-modulated 
transmitter having a distinctive modulat- 
ing tone is used for this purpose. The 
alarm signal is received at the Estes 
Power Plant on the power system main- 
tenance radio system at a frequency of 
40.02 megacycles. 


RELAY PROTECTION 


The cable circuit is protected as a part 


‘of the transmission link between Estes 


Power Plant and Granby Pumping Plant. 
Since the circuit is supplied from the 
Estes Switchyard through a delta-delta 
transformer bank, a grounding trans- 
former is connected to the line at the 
Estes end to prevent excessive 60-cycle 
and transient overvoltages on the cable 
during 69-kv system line-to-ground faults, 
and to supply ground fault current at the 
Estes end of the 69-kv system to permit 
relatively simple, reliable, and fast clear- 
ing of ground faults. 

At both ends of the transmission link, 
high-speed relaying is provided to clear 
the circuit on phase faults as well as faults 
involving ground. A combination of dis- 
tance impedance phase and ground relays, 
as well as other directional and non- 
directional ground relays are used to pro- 
vide instantaneous trip for faults in zones 
including the.cable section and time delay 
trip for cedtbation with relays on other 
lines and for back-up protection. Over- 
voltage relays are provided at the Granby 
end to protect against excessive voltages 
resulting from the charging requirements 
of the cable when disconnected from the 
Estes Switchyard. The relaying scheme 
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provides maximum flexibility for the 
various possible connections of the 69-kv 
system. 

High-speed relaying is provided on the 
circuit to minimize the possible damage 
due to burning in case of a fault in the 
cable section. Automatic reclosing was 
omitted to eliminate the possibility of ad- 
ditional damage resulting from re-energiz- 
ing the circuit with a permanent cable 
fault. 


Installation 


ANCHOR AND HANGER LOCATION 


The first field operation in the circuit 
installation was to make a survey through 
the tunnel to spot very accurately the 
locations for the pipe anchors and hangers. 
The concrete [ning in the roof of the tun- 
nel was then drilled for the anchor and 
hanger inserts using templates to give 
maximum accuracy. The anchors and 
hangers were then attached in place to 
the top of the tunnel by lead expansion 
anchors and bolts. Since the performance 
of the anchors depends to a large extent 
on proper bearing of the inserts or shear 
rings on the concrete, particular care was 
given to grouting around these shear rings 
to prevent voids and undue shrinkage. 


TUNNEL VENTILATION 


Ventilation in the tunnel during con- 
struction activities was by natural air cir- 
culation. About 90 per cent of the time 
the air circulation was from west to east 
and the air velocity averaged about 3 
miles per hour. The use of combustion 
equipment in the tunnel was limited by 
the amount of air contamination, 


TUNNEL ACCESS 


Access to the tunnel through the gate- 
house at the west portal was difficult and 
was limited to the entrance of men and 
small tools and equipment. This re- 
quired that construction activities be 
carried on primarily by access through the 
east portal of the tunnel. 

Workmen were transported in the tun- 
nel by means of jeeps, which were 
equipped with special tires to run on the 
rounded walls of the tunnel. Since the 
jeeps could not be turned around inside 
the tunnel it was necessary to back them 
in one direction of travel. 

All operations inside the tunnel re- 
quired very careful coordination because 
of the limited space for working and for 
transporting men, materials, and equip- 
ment in and out of the tunnel. This 
limited space and the difficulty of access 
made it necessary that as much work as 
possible be done outside the tunnel. An 


Figure 4. Work area below tunnel portal showing cables protruding 
from pipe section after pulling operation 


oiled road approaching the east portal of 
the tunnel was selected as the working 
area for welding the pipe into approxi 
and for 


mately 1/2-mile-long sections 


pulling the cable into these sections, 


Pir WiLpina 


The pipe sections to be welded were 


placed on rubber rollers to facilitate 


turning the pipe during the welding 
After a 1/2 mile-long seetion 
of pipe was welded, the flanyed end cas 
ings which formed a part of the semistop 


Operations, 


joints were welded to each end and a teat 
plate was gasketed and bolted to the 
flange at one end, the other end being 
left open, A compressor-drier was then 


connected to the pipe section and the pipe 


was flushed with dry aw wnitil the air a 
the far end showed a dryness test of at 
least minus 2O degrees Mahrenheit when 
tested with a dewpoint potentiometer, A 
test plate was then bolted to the other end 
of the pipe section and the pressure was 
raised to 400 pounds per square inch, 
All welded joints were then tested for 
leaks by means of a water bath whieh 
completely surrounded and covered the 
welds, After a pipe section successfully 
passed the leakage tests the pressure was 
reduced to 100 pounds per square ineh, 
The welds on only a few seetions of pipe 
were coated outside the tunnel since the 
onset of cold weather made this imprie 
ticable for the remainder of the pipe, Ag 
a result it was necessary to cont mont of 
the welds after the pipe had been in 
stalled in the tunnel, 


CALI PULLING 


Prior to pulling the eable, the pressure 
in the pipe was reduced to atmospheric 
by removing the test plates, Tf the dew 
point tested minus 20 deyrees Fahrenheit 
or lower the seetion was considered satis 


1560 IWilson, Nelson 


Figure 5, 


, 


factory Jor pulling, Cable guide tubes 
were then bolted to the pipe end casings 
to prevent possible injury to the eable in 
pulling over sharp edges, 

The pulling bolts of cach cable were 
attached to a pulling yoke and the three 
cables were pulled into the pipe simul 
taneously by «a 
winch, 


pvasoline-engine-driven 
The pulling line attached to the 
winch was drawn into the pipe by first 
blowing « fish line through the pipe by 
compressed air, The cable was pulled 
into the 1/2imile sections of pipe at the 
26 feet per minute, The 
the pipe 
sloped with the grade of the road and the 
operations were arranged so that the 
cable was pulled downhill, While the 
cables were being pulled they were lu 
brieated by uniformly feeding 5 gallons of 
After the cable 
wis pulled the ends were cut so that 
A'/, leet protruded heyond each end of the 
pipe section, Higure 4 shows the work 
aren below the tunnel portal just after 
the cables had been pulled into a seetion 
of pipe, A ferrule plate was then threaded 
over the cable ends and gasketed and 
rigidly fastened to the flanged end easing 
of the pipe, Next a rubber tube was 
pulled over each protruding length of 
cable and clamped to the ferrules, sealing 
the cable from all contaet with the out 
side ai, A vacwium was then drawn on 
the pipe for 24 hours, after whieh the pipe 
was filled with nitrogen pas, 
Only the end seetions of cable, ineluding 
rivers to the terminal stryetures, were 
pulled after the pipe sect were in 


stalled, 


rate of about 


working area was such that 


Oil into the pipe section, 


INSTALLATION O1 Pir SRCTIONS 


Nhe installation started from the west 
portal and the gteel terminal structure 
there was erected before any pipe or cable 
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Section of pipe being wedged upward into position in top of 


tunnel 


was installed in the tunnel, When ready 
to be hauled into the tunnel, the pipe sec- 
tion containing the cable was Joaded on 
rubber-wheeled dollies which were spaced 
at about 40-foot intervals. The dollies 
were designed to follow along the curved 
surface of the tunnel and rubber tires 
were provided to protect the tunnel lining 
against injury. The winding route from 
the assembly area to the tunnel portal re- 
quired wooden tracks and guides in many 
places, 

After the 1/2-mile length of pipe was 
hauled into the tunnel to its location by a 
diesel tractor, the west end was raised to 
the tunnel arch and secured, By means 
of a system of rubber rollers mounted on 
top of the tractor and on a rolling frame 
pushed about 40 feet ahead of the tractor, 
the pipe was wedged upward into place 
and laid on rubber-covered rollers hung at 
about 40-foot intervals from the stainless 
stecl hangers, igure 5 shows a section of 
pipe being raised into position in the top 
of the tunnel, 

After a G6» to 24-hour wait to allow the 
pipe section to assume the tunnel tem- 
perature, the air temperature about the 
pipe was taken, Measurements were then 


Figuie 6, Comparison of stepped-down in- 
sulation and completed insulation at cable 
splice ; 


AIEE 'TRANSACTIONS 


Ned SE My 


made between the semistop joint flange 
previously installed and the flange of the 
new section, and between the center of 
each anchor and its matching pipe collar. 
Computations were then completed to 
determine where each collar should be 
located in relation to its anchor to simu- 
late the condition of the pipe if warmed up 
to a temperature of 103 degrees Fahren- 
heit. When it was determined that all 
pipe collars fitted properly within the 
anchor brackets, the pipe section was ad- 
~ justed so that the semistop flanges were 
the designed distance apart. This adjust- 
ment was accomplished by jacking at the 
first anchor east of the semistop joint. 


CABLE SPLICING 


The ends of the pipe at the splice were 
then lowered to the working position in 
the canvas-enclosed splicing platform, 
which was mounted on wheels. Next, the 
ferrule plates were removed and the 
armor skid wires were unwound back to 
the ends of the pipe where several closely 
spaced turns were made which were then 
soldered together. The next step in- 
volved soldering copper braid to the 
armor wire of each cable. Rubber tubing 
was then pulled over the cable ends so 
that it extended into the pipe, and this 
was bound to the cables with wire for a 
distance of 2 inches. The ferrule plates 
were then gasketed and fastened to the 
flanged end casing of the pipe after bring- 
ing the copper braid and the rubber tubing 
through each ferrule. Each rubber tube 
was next folded back over its ferrule as far 
as it would go and bound in place with 
wire for a distance of 2inches. The cables 
were then measured and cut to the proper 
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_ Figure 7. Boiling out completed splice assembly prior to slipping 10- 
: inch diameter sleeve in place 


length for joining and the insulation was 
removed to the conductor where the 
connectors fit. The conductors were 
joined by connectors, which were com- 
pressed at a pressure of 4,000 pounds per 
square inch by a hydraulic press. The in- 
sulation on each side of the connectors was 
then stepped back and each step was 
wrapped with yarn. At this stage and at 
intervals throughout the splicing opera- 
tion the insulation was flushed with oil at 
a temperature of 110 degrees centigrade to 
remove impurities and moisture. Crepe 
paper tape was next applied to build up 
the stress cone until the diameter became 
33/16 inches. Over this the copper braid 
shielding tape lapped 1/16 inch was 
wrapped. The turns of braid were sol- 
dered together along a lengthwise line at 
the top of the shielded reinforcement and 
then a ground braid connecting the fer- 
rule plates was soldered to the shielding 
tapes. 


Figure 6 shows a comparison between 
the penciled insulation on one cable and 
the completed stress cone including the 
copper braid shielding on the other two 
cables. WVarnished cambric tape applied 
over the cable at each ferrule and fastened 
with hose clamps provided, along with the 
rubber tubing, the semistop for the gas 
and in addition a means of preventing the 
cable from creeping in the slight grade in 
the tunnel. 


Figure 7 shows a completed splice being 
boiled out with hot oil prior to slipping 
the 10-inch diameter pipe sleeve over it. 
Wooden blocks fastened to the splices by 
twine hold the assembly from the sides of 
the pipe sleeve. Figure 8 shows a 10-inch 
sleeve ready for welding in place over a 
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Figure 8. Sleeve in place over splice assembly ready for welding 


splice. After a pipe sleeve was welded to 
the flanged end casings of the pipe, a 
vacuum was applied and maintained for 
15 minutes, after which the joint was 
filled with nitrogen gas to a pressure of 40 
pounds per square inch. The pipe at the 
splice was then raised to position in the 
top of the tunnel and the section of pipe 
was prestressed by stretching to its 
equivalent length at 103 degrees Fahren- 
heit. 


CABLE TERMINATION 


At each terminal of the circuit the pipe 
was welded to the semistop plate of the 
cable spreader. From the spreader casing 
each cable went through a separate 
spreader tube to a single-conductor pot- 
head. At each pothead termination the 
cable insulation was penciled and a taped 
stress cone was built up. When the pot- 
head connections at the east portal were 
completed, the pressure system was filled 
with nitrogen at a pressure of 200 pounds 
per square inch. 


Field Tests 


HiGH-VOLTAGE TEST 


After the installation was completed a 
3-phase 60-cycle 120.75-kv test for 4 
hours was made on the three cables simul- 
taneously. The voltage was supplied by 
generating facilities at the Estes Power 
Plant and was transmitted to the cable 
circuit over approximately 6 miles of over- 
head transmission line, of which 1 mile is 
rated at 115 kv, and 5 miles are rated at 
69 kv. This was a reduced voltage test 
considering the insulation thickness of the 
cable, but it was maximum voltage to 
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which the facilities at Estes were desired 
to be subjected. 

Two of the Estes generators rated at 
16,667 kva were connected in parallel to 
supply the cable charging requirement of 
22 000 kva at 120.75 kv. To supply the 
charging current of 105 amperes under 
these conditions it was necessary to 
operate the generators with the excitation 
reduced to 16 per cent of that required for 
rated output, resulting in greatly reduced 
synchronizing torques. Excitation of 
the two-unit exciters during the test was 
provided by an external battery con- 
nected in a bridge circuit. The two ex- 
citer fields were connected in series to 
provide smooth control of the exciters of 
the two units from zero to maximum ex- 
citation. 

Reversal of the polarity in the bridge 
circuit permitted a reversal of exciter 
field current to neutralize the residual 
magnetism in the field poles. 

To prevent the possibility of one unit 
tripping off the line and leaving the re- 
maining unit to supply the entire charging 
requirements of the cable circuit, a condi- 
tion which would result in unstable opera- 
tion of the remaining generator, the con- 
trol circuits of both units were modified to 


parallel the tripping circuits of the unit 
circuit breakers on each generator. 


ATTENUATION TESTS 


Attenuation tests were performed on 
the cable circuit at carrier frequencies 
between 30 and 90 kc. The tests were 
made by applying signal voltages at car- 
rier frequencies to the circuit at the west 
portal terminal and measuring the signal 
voltages at the west portal terminal and 
the east portal terminal. The signal gen- 
erator was connected to the circuit 
through an impedance matching trans- 
former and inductance-capacitance net- 
work adjusted for optimum transfer of 
signal power. It was assumed that the 
characteristic impedance of the cable was 
essentially pure resistance and the at- 
tenuation measurements were made with 
the receiving end terminated with a shunt 
resistance equal to the characteristic im- 
pedance. This was determined by ad- 
justing the shunt resistance to give a re- 
ceiving end voltage equal to one-half the 
open circuit voltage. Under these condi- 
tions, the attenuation can be determined 
from the following: 


Aeon ice 
= O10 Vr 


Discussion 


Victor Siegfried (American Steel and Wire 
Company, Worcester, Mass.): The au- 
thors are to be complimented on an interest- 
ing and attractive presentation of a splendid 
bit of pioneering in cable applications. 

Two questions on which engineering de- 
cisions were based in the decision regarding 
type and size of cable bear further elabora- 
tion as a guide to other similar applications 
and are to be inferred only from the intro- 
duction regarding ‘‘competitive bids” fur- 
nishing ‘‘an economic basis’’ for choice. 

One of the proposals was for rubber- 
insulated cable of the submarine type, nec- 
essarily at a lower voltage and with parallel 
circuits. While it is appreciated that sus- 
pension might have been more involved, 
the advantages of having cable which could 
withstand immersion are worthy of consid- 
eration. The authors are requested to 
compare the economics of paper- versus 
rubber-insulated cable as they entered into 
this decision. 

The current-carrying-capacity of these 
cables in close proximity to cool, moving 
water should furnish a lower ambient than 
usually figured into such underground de- 
signs. What factors were allowed, or were 
considered for ambient conditions in such 
an installation, where heat dissipation is 
about as favorable as ever could be found 
short of total immersion? 

The choice of cable in this instance is 
undoubtedly a good one and very practical. 

Further discussion of these points 
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would aid later engineering of other such 
projects. 


A. R. Lee (General Electric Company, 
Schenectady, N. Y.): The authors of this 
paper are to be congratulated on their fine 
description of the installation of pipe-type 
cable through the Adams Tunnel and I 
think the paper is a worthwhile addition to 
the literature on cable systems. The writer 
was associated with this project during its 
formative and design states and in connec- 
tion with the installation. A few additional 
points may therefore be of interest. 

The first point is in connection with the 
maximum load rating assigned to this cir- 
cuit. The authors have stated the maxi- 
mum load to be 30,000 kva. This is a 
conservative application and is based on a 
maximum copper operating temperature of 
60 degrees centigrade. Industry standards 
for this class and voltage of cable allow a 
maximum copper operating temperature of 
75 degrees centigrade which has been 
proved by test and years of experience to be 
an entirely safe value. The cable circuit 
may therefore be operated safely with an 
additional 25 per cent load in case system 
operating conditions require it. This ad- 
ditional loading will, of course, have a direct 
bearing on the mechanical operation of the 
pipe itself. When the operating tempera- 
ture exceeds 60 degrees centigrade, the pipe 
temperature will, of course, exceed 39.5 
degrees centigrade (103 degrees Fahren- 
heit) and the pipe will go into compression. 
However, it is possible, I believe, to operate 
with the pipe in compression in this system. 
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where 7) 


A =attenuation loss in decibels 
Vg=sending end voltage 
Ve=receiving end voltage 


In addition to the above test, the input 
impedance of the cable circuit alone was 


measured at carrier frequencies with the 
receiving end both open circuited and — 
short circuited. These values were found | 


to be essentially equal and also the same 


as the characteristic impedance of the 


cable. 

The attenuation loss of the cable cir- 
cuit measured from the potheads at the 
west portal to the potheads at the east 
portal was found by the tests, which were 
conducted by the contractor, to be 27.2 
decibels on the A phase to ground and 
27.4 decibels on the B phase to ground at 
50 ke. The characteristic impedance of 
the cable was calculated from the test 
data to be approximately 35.5 ohms at 
50 ke. 


Provision was made in the design for 


the addition of carrier current by-pass and 
line tuning equipment to be installed at 
the terminals if necessary to reduce the 
junction loss and improve the communica~- 
tion characteristics of the entire circuit. 


This can be checked by calculation and, if a 
sufficient mechanical margin of safety re- 
mains, continuous operation at 75 degrees 
centigrade copper temperature with a con- 
sequent 25 per cent additional load carrying 
ability would be entirely feasible. 

In regard to the cable construction, a 
point of interest is in connection with the 
3/0 American wire gauge conductor. From 
the standpoint of economics, it was advis- 
able to keep the number of splices to a mini- 
mum. It was felt that 1/2-mile cable sec- 
tions would provide a good economical figure 
if the small conductor could take the pulling 
strains. Medium-hard drawn copper strands 
were therefore used in the conductor to 
allow pulling the 1/2-mile section and still 
not stretch the copper to the point that dam- 
age would occur. Field experience showed 
this to be the case. The average coefficient 
of pulling friction of the cables in the pipes 
was ().275 with a range from 0.25 to 0.28. 

The authors have discussed the simplicity 
of gas-filled cable from a pressure mainte- 


nance standpoint and have pointed out its — 
It should also be noted that — 


attractiveness. 
the winter temperatures at the portals of 
the tunnel are such that the use of oil pump- 
ing and storage equipment would have been 
impractical. The temperatures may reach 
—40 degrees Fahrenheit for a number of 
days and the pour point of the insulating 


oil usually used in pipe cables is —5 degrees — 


Fahrenheit. Expensive heating equipment 
would have been necessary at the portals 
to maintain oil pumping equipment in oper- 
ating condition. Further, under no-load 
conditions, with voltage on the line, the di- 
electric heating in the cables in the exposed 
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risers and spreader tubes would not be suf- 
ificient to keep the oil in a fluid state. Con- 
sequently, shrinkage voids could form in the 


potheads and risers and lead to ionization 
troubles. 


i This paper describes the most interesting 
cable job to be installed in many years and 
authors are to be complimented on a fine 


M. Wilson and R. A. Nelson: The 
ors wish to thank the discussers of this 
for the additional information given 
for the pertinent questions which were 


In connection with Mr. Siegfried’s discus- 
, it should be pointed out that operating 
ages of from 115-kv down to 13.8-kv. 
e considered for this cable circuit. It 
determined that operation at 69-kv 
ld provide the most economical cable 
having both suitable electrical char- 
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acteristics and the desired capacity of 30,000 
kva. Therefore, only the 69-kv cable cir- 
cuit was included in the competitive bidding, 
although the use of rubber-insulated sub- 
marine-type cable at lower voltages was 
considered earlier and found to be imprac- 
ticable for this particular installation be- 
cause of the electrical characteristics and 
limitations. The use of rubber-insulated 
cable would have required transformer 
banks at each end of the cable circuit to tie 
to the connecting overhead higher voltage 
transmission lines and would have materi- 
ally increased the reactance of the transmis- 
sion link between the Estes Power Plant 
and the Granby Pumping Plant. One dis- 
advantage of this arrangement would have 
been the increased voltage dip at Granby 
when starting the motors with power sup- 
plied over this transmission link. 

As noted by Mr. Siegfried, the heat dis- 
sipation from the cable will be very good 
when water is flowing in the tunnel due to 
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the low ambient temperature of the air sur- 
rounding the pipe. The circuit was de- 
signed however, to operate at full capacity 
with the tunnel unwatered. Under these 
conditions the temperature in the tunnel 
may be as high as 68 degrees Fahrenheit 
depending on how long the tunnel is un- 
watered. 

Mr. Lee in his discussion has indicated 
that the cable circuit was designed to carry 
a load of 30,000 kva with a maximum copper 
temperature of 60 degrees centigrade even 
though the industry standards for this type 
cable permit a maximum copper operating 
temperature of 75 degrees centigrade. This 
limitation on maximum copper temperature 
was made for mechanical reasons. Since 
the pipe is prestressed and anchored so that 
stresses due to temperature variations are 
taken by the pipe without movement, it was 
desired to limit as much as feasible the 
temperature range and resultant stresses to 
which the pipe would be subjected. 


~ 
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“Incremental Method for Sag-Tension 


Calculations 


MAURICE LANDAU 


MEMBER AIEE 


Synopsis: This paper presents an analytical 
method for calculating sags, tensions, and 
lengths of overhead cables. The method is 
applicable to both level and non-level 
spans; self contained, not requiring the use 
of precalculated data or functions; and 
adaptable to both cables with constant 
modulus of elasticity, such as steel or copper, 
and cables such as steel reinforced aluminum 
cable where stress-strain curves must be re- 
sorted to. Included in the method is a 
direct calculation of the horizontal com- 
ponent of tension in a span where the ten- 
sion at either support is known. Increments 
of length of cable are calculated rather than 
total lengths, thus permitting adequate ac- 
curacy to be had using a 10-inch slide rule. 


HE methods of sag and tension calcu- 

lations described in this paper were 
developed for use in the design of the 
transmission lines of the Department of 
Water and Power of the City of Los 
Angeles. They have been used in the de- 
sign of the 287.5-kv Boulder transmission 
lines which extend 266 miles from Hoover 
Dam to Los Angeles, the 138-kv belt line 
in and adjacent to Los Angeles, and the 
230-kv transmission line from the Owens 
River Gorge, 260 miles from Los Angeles, 
to Los Angeles. The Boulder line con- 
ductors are 512,000 circular mil, type HH 
copper, the belt line conductors 500,000 
circular mil stranded copper, and the 
Owens Gorge line 954,000 circular mil 
steel reinforced aluminum cable 54/7. 
All of the lines have 1/2-inch high strength 
stranded steel overhead ground wires. 


Paper 51-294, recommended by the AIEE Trans- 
mission and Distribution Committee and approved 
by the Technical Program Committee for presenta- 
tion at the AIEE Pacific General Meeting, Portland, 
Oreg., August 20-23, 1951. Manuscript submitted 
May 17, 1951; made available for printing July 6, 
1951. 


Maovrice LANDAU is with the Department of Water 
and Power, Los Angeles, Calif. 
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General 


In general the problems of sag and ten- 
sion calculations for overhead suspended 
cable are to determine sag, tensions, and 
lengths of overhead cable between fixed 
supports at stringing temperatures and 
conditions of maximum sag such that 
under the most severe loading conditions 
the maximum tension in the cable will not 
exceed a predetermined allowable maxi- 
mum. 

For the purpose of calculations, the 
weight of the cable itself and the superim- 
posed ice and wind loads are assumed to 
be uniformly distributed along the line of 
the cable. Under these conditions, the 
cable takes the curvature of the catenary. 

Expressed as a series the equations of 
the catenary for a level span are: 


ve 


2 4 


+t | 


If the weight of the cable and superim- 
posed ice and wind loads are assumed to 


L 
s=i 14, 


24a? 


(2) | 


be uniformly distributed along the hori- | 
zontal projection of the cable, the curve | 


taken by the cable is that of the para- 
bola. 


The equations of the parabola — 


are: 
L} } 
Pipe 3 
aes (3) 
Tay tee 
=I} 1 = ae 4 
» Ee 6400? | (4) 


Comparing equations 1 and 3, the first _ 


terms of each equation are identical. 


The same is true of the first two terms of — 


equations 2 and 4. Thus for spans where 
L is small with respect to a, the catenary 
and parabola are for practical purposes 
identical. This is the basis for the so- 
called parabolic methods. 


Sag and Tension Calculations 


Essentially sag and tension calculations 
of overhead cables consist of the follow- 
ing: 

1. Determine the stressed length of the 


cable between supports under the assumed 
maximum tension and maximum loading 
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Figure 1. Stress-strain curves 


795,000 circular mil ACSR; 540.1214 inch aluminum; 70.1214 inch steel 
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2. Remove all load (weight) from the cable 
and determine the length of the unstressed 
length of cable. 


3. Determine the change in unstressed 
length of wire due to change in temperature. 


4. Place the desired load (weight) on the 
cable at the new temperature and determine 
the stressed length. 


5. Calculate the sag and tension charac- 
teristics corresponding to the stressed 
length at the new temperature. 


Published Methods of Calculation 


A method developed by James S. 
Martin,’ using tabulated precalculated 
functions of a level span of unit length is 
widely used for sag and tension calcula- 
tions. Methods of solution using the 
level span data are resorted to for cal- 
culation of nonlevel spans. The method 
requires the use of seven or eight sig- 
nificant figures in calculation, and also 
interpolation of the tabulated data for 
particular solutions. 

In the aluminum steel reinforced 
cables, (ACSR) both the aluminum and 
steel are stressed. Steel has a constant 
modulus of elasticity. Aluminum has a 
variable modulus of elasticity in the 
working range and is subject to con- 
siderable permanent stretch. Accuracy 
of calculation requires the use of stress- 
strain curves rather than an assumed con- 
stant modulus of elasticity except in 
cases where the ratio of aluminum to 
steel is small. The methods of calcula- 
tion using Martin’s Tables do not lend 
themselves to the use of stress-strain 
curves. 

Calculations of sags and tensions of 
ACSR are usually made by the method 
described in ACSR Graphic Method for 
Sag-Tension Calculations.? Briefly this 
method consists of the following: 


1. Preparation of stress-strain curves for 
the cable based upon data obtained by 


Figure 2 (below). Stress-strain curves 


795,000 circular mil ACSR 54/7; maximum tension 12,750 pounds per 
square inch at O degree Fahrenheit 


Figure 3 (right). Z, temperature chart, Example 1 


Units and Notations 


L=span length, feet 

D = difference in elevation of supports, feet 

L-=straight line distance between supports, 
feet 

S=stressed length of conductor, feet 

x, y=co-ordinate of any point on the con- 
ductor, feet 

*,=horizontal distance between low point 
to upper support, feet 

x2=horizontal distance between low point 
to lower support, feet 

1 =vertical distance between low point to 
upper support, feet 

2 =vertical distance between low point to 
lower support, feet 

W=weight of conductor per unit length, 
pounds per foot 

T=tension of conductor at point wx, y, 


pounds 

T,=tension of conductor at point x, 4, 
pounds 

T2=tension of conductor at point x2, 4, 
pounds 


Tavg =effective or average tension of con- 
ductor, pounds 


stressing samples of the cable in a testing 
machine. Figure 1 is illustrative of these 
curves. 


2. Preparing stress-strain curves for vari- 
ous temperatures to the required maximum 
tension from the stress-strain curve obtained 
by test. Figure 2 is illustrative of these 
curves. 


8. Preparing curves which give the varia- 
tions in sag and tension of a particular span 
corresponding to the same change of arc 
length as those given in the stress-strain 
curves and then superimposing the stress- 
strain curves for the various temperatures 
upon such sag-tension curves. 


Figure 1 is a set of stress-strain curves 
for 795,000 circular mil ACSR at 60 
degrees Fahrenheit. Per cent elongation 
is plotted as abscissae, and tension in 
pounds per square inch of cable as ordi- 


Tas =Tayg/A, pounds per square inch 

H =horizontal component of tension, pounds 

a=H/W, feet 

a,=T,/W, feet 

Z=L/2a, a pure number 

A=area of cross-section of conductor, 
square inches 

E=modulus of elasticity, pounds per square 
inches 

« =coefficient of linear expansion, feet per 
foot per degree Fahrenheit 

t=temperature, degree Fahrenheit 

0=(2a,—D)L,, a pure number 


| 14(?) 
re 
1 (2) Z } 
L (ae 


A pure number 


Pi — A pure number 
nates. The curves are from the ACSR 
Method. 


Curve 2 on Figure 1 shows the be- 
havior of the complete cable upon the 
first application of load, while Curve 3 
shows the effect of releasing the load. 
Curve 4 is the initial application of load 
for the steel core while Curve 5 is the re- 
lease of the load. Curves 6 and 7 give 
corresponding data for the aluminum por- 
tion and are obtained from Curves 2, 3, 4, 
and 5. The dotted Curve 1 is the elonga- 
tion produced immediately after the 
application of load. Curve 2 is the re- 
sult after stretching has practically ceased 
(that is, after holding the final load for 
approximately one hour). 

Figure 2 is a set of stress-strain curves 
for various temperatures derived from the 
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Figure 4. Z, temperature chart, Example 2 


stress-strain curves, Figure 1. The 
curves are maximum tension of 12,750 
pounds per square inch at 0 degree Fah- 
renheit temperature. In deriving these 
curves, the coefficient of expansion of 
aluminum was taken as 1.2810~° and 
for steel 6.4K10~°. 

H. W. Eales and E. Ettlinger* derive 
the general equation of the length of a 
suspended cable in terms of the span 
length, the difference in elevation of sup- 
ports, and the catenary constant. Using 
this equation, the authors develop a 
method of calculation of sags and tensions 
equally applicable to either level or non- 
level spans. The method, while accurate, 
lacks simplicity and requires the use of 
seven and eight significant figures in cal- 
culation. 


Mr. D. O. Ehrenburg’ derives the 


general equation of length previously de- 
rived by Eales and Ettlinger, and also 
additional equations for stretch, sag, and 
tension of suspended cables. These 
equations are then expanded into con- 
vergent series. A method of solving sag 
and tension problems which is partially 
graphical is described and illustrated by 
examples. 


Figure 5 (below), 


D Z? 
Fj 7 (right). P,—( 1—-— 
igure 7 (right) (1 = eho 


Conductor span representation 


In a comment to Ehrenburg’s paper, 
Mr. H. J. McCracken® suggests a tabular 
method of calculation using the equations 
derived by Mr. Ehrenburg. Both the 
method of Mr. Ehrenburg and that pro- 
posed by Mr. McCracken require the use 
of precalculated tabulated functions. 

The Incremental Sag-Tension Calcula- 
tion Method is a further development of 
those included in Mr. Ehrenburg’s paper 
and the comment by Mr. McCracken. 


Incremental Sag-Tension 
Calculation Method 


The incremental sag-tension method is 
set forth on two calculation forms titled 
Form 1 and Form 2, respectively. Form 
1 is for use where a constant modulus of 
elasticity may be assumed. Form 2 is 
adapted for use with stress-strain curves. 
The calculations are in terms of the func- 
tion 


Span X Weight JN 
2XHorizontal Tension 2H 


which by definition is designated Z. 
The tabular method of Form 1 com- 
prises primarily: 


024 .028 


Figure 6. Z, Q chart 


1. Determining the initial value of Z fo 
the particular span, tension, and maxim 
loading conditions. 


2. Selecting various values of Z for the 
loaded conditions and unloaded (that is, | 
cable only) and calculating the tempera- 
tures corresponding to such values of Z. 


38. Preparing curves for various loading 
conditions with Z as abscissae and tempera- 
ture as ordinates. 


4. Calculating sags and tensions for se- | 
lected values of temperature from the 
corresponding value of Z as determined from m 
the Z-temperature curves. 


The tabular method using Form 2 is | 
similar to that of Form 1, differing only in| 
operation 2 above. Stress-strain curves 
plotted for particular temperatures, — 
values of Z corresponding to such tem- 
peratures are calculated. 

Forms 1 and 2 each consist of 25 ite 
arranged vertically, a series of colum 
being provided for tabulating data and 
calculations. Except for Items 12 to 16, | 
inclusive, Forms 1 and 2 are identical. . 


Examples of Sag Calculations 


To illustrate the incremental method 
two examples for each of the two fo 
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Cable 3/g High Strength 30% Cand. Form Number 1 
an tad SAG AND TENSION CALCULATIONS Cable Weight plus Ios =a 8; 


| waximum Tension Gee FORM NO. | Max. Result. Load at O°F, W-Zgspr/Tti weAdageg x107° Example 1 
: ; zs : , NZ e 
4 5670 /bs.@ 0°F; fkce,8 Wind. Area of Cross Section, 42.090/ sq. in. ( P 
Projeo Diameter of Cable, enches 


Modulus of Blasticity, B= 23 x 10 
Computed by M.L. Date EXAMPLE | Coefficient of Linear Expansion « = 7.2 x107® 


Ee Coble Only 
ae See wes 
tiara 
as 


al 


T = Maximum Tension soar Abdeallid 
67 
eRe fo | 


®) = 7™)/¥ 


td 
2 = (ta - Diflo SA Swmh 
Z 2 1/(d - 2/2) : : : : z : 3 : 


slela 


6124 |.4203 |.4203 |.4203 |./55/ |. 

Stretoh = (W/aR)(S2/z2) 2.720 | 1.865 |2.099 |/.998 | 1.293 |. (109 

14| (So - bo) = 20 - 33 607 |+.248 |-.432 |- ./58 |-.693 | .096 |-.292 | 
0 


& Lo o}|o® 


~.292 |-.098 


j 096 
fl ase au | [055 [irs 400 [006 | 703 | 216 [509 
j .7° | 438° 


16) At -A8/(8,«) | 0 | 118.9°| 24.38| 62.5°|-//.95| 97.7° 70.8 


fil tee at) oF [vase] za-aF lee. 5°t-11.98| 97.7" | 43.0°170.6° 
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6858) 5987, 
23582| 2202 
a 


Underlined numerals refer to item numbers 


BEE 
8 


able gh g49#/£%; Wrak=14204x10-6 
ne 8 00 Ce i151 Aluminum SAG AND TENSION CALCULATIONS Gable Weight plus Ios w-267ap/ft; Weab-zeleanio-€ Form Number 1 
n w= t- 


43x Various Size Steal 
Maximum Tension FORM NO. | 


es ; Max. Result. Load at O°F, w=33e2¢/ft; WeAB=28020x10~” 
oc OT) SE NRE AE aa Area of Cross Seotion, A=.39528q- pr Example 2 
Dismeter of Cable, aes 
! Modulus of Blastioity, B= 30 xl 
Computed by m.L. Date EXAMPLE 2 Coefficient of Linear Bxpens ess 


x 
$ 
A 
® 
Nn 
™ 
2 
° 


4 <6 


| nn 
emt cin‘ frncoo] | ae 
—— 6a 
A Se A (aml ees Pad 
pela ten = oh CS BRE S011 ot ee 
To] 2- asia - 2/2) 22302 215 | 205 | .210 | .215 | .2187 


tas] As- are : 
ae] Ar-asisx) |_| 2588" | 22.98" 
Pol s-t2 at «dasa |zzoe: 
8) @- 1/22 9593.3 io fia 
| 

ee 2207 


Ye = (x$/2a)(1 + x$/12e2 ) 


*|-10,30°| 4.7.10" |\/05.60° 


32°F 80°F |120°F 


Tangent Sag = (LeZ/4)(1 + 22/12) 


‘Underlined numerals refer to item numbere 


1951, Votume 70 Landau—lIncremental Method for Sag-Tension Calculations 1567 


Form Number 2 
Example 3 


Form Number 2 
Example 4 
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7 q 
Cable 795,000C.M, ACS.R. G AND TENSION CALCULATIONS Cable Weight we 45F 4ye-/ft- 1) 
54% ila Al —74 1214 Steal 7s pbs Weight plus loa be on 4 7 
er iG OPE FORM : Were Max, Resultant Load at O°F % TH + «oe 
heel @ OF ; 4 Radial Ica, Blb. Wind Mea of Cress Seotion ye oq. Sa, Ve 
Diameter of Cable meee NCHS OE 


Computea by ML. Date EXAMPLE 
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Way 
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| z| b= pitteronoe in Kievation rol | | | | |||) pe 
Vsltceteaseeotin- a feo] | | | | ee 
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Cable 795,000 CM.A.C, 6K. Cable Welght We Loa, 
1A ig aluminum  9AG AND TENSION CALCULATIONS — Cable Welght ole ms F mat A 
Maximum Tension 7% JZ14" Steel FORM NO. 2 Wind 
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y published examples are used so 
a comparison with current methods 


E ‘NuMBER 1. CALCULATED ON 

NoumMBer 1, witH 1,000-Foor 
LEVEL SPAN! AND CONSTANT MODULUS 
F ELASTICITY 


e calculations are set forth in colum- 
arrangement, the first column being 

ie condition of maximum tension at 
ee Fahrenheit and maximum load- 


umins 2 to 8, inclusive, are calcula- 
of temperatures corresponding to 
us assumed values of Z, from which 


The next steps are to calculate tempera- 
tures corresponding to arbitrarily as- 
sumed values of Z. Columns 2, 3, and 4 
are such calculations for W=0.871 (cable 
+ice loading) while columns 5 to 8, in- 
clusive, are for W=0.322 (cable only). 

In sequential order the calculations of 
column 2 are: 


Columns 9 to 12, inclusive, are caleula- 
tions of sags and tensions for particular 
temperature and loading conditions. In 
each case the value of Z for the particular 
temperature is obtained from the ‘“‘Z- 
temperature” curve, Figure 3. Calcula- 


6. W =0.871 
eae =0.1126 Arbitrarily assumed value 
2 Zz 
10. Slack= ri urs =2.113 
Lic Ss =999.4 Unstressed length of cable 
at 0 degree Fahrenheit 
W 
Bae aE =0.4203 Value corresponding to W=0.817 
W [{ So? 999.4% 
13. Stretch ——{ — =1.865 0.4203 x 10-*x—_——— = 1.865 
A =) 2xo.1126 


perature” curves Figure 3arepre- 14. ($,—Z,)=11-18 = = +0.248 2.113—-1.865=+0.248 
: : ; 15. AS=(14 Column 2) — 
nns 9 to 12, inclusive, contain cal- (14 Column 1) =0.855 0.248—(—0.607)=0.855 
ions of sags and tensions for various ve 
cted temperatures, the values of Z 16. At=AS/(S,<) =118.9° ee 
obtained from the ‘“Z-tempera- 999.4X7.2X10 
curves, Figure 3. 17. t=to+At =118.9° Since %=0 degree Fahrenheit; 9+ 
n detail the calculations are as follows, At=118.9° 
underlined numerals in all cases re- 
ing toitem numbers. For column 1, 
sequential order: 
i Bs Ww 612 ~8= 999.4" 
L 1,000 Span length i See <3 Fan 0.6124 X10~*= 999.4 
= Level span AE 2X0.1126 
=2.720 
=1,000 D=0; therefore L-=L aye 
14 - =10-13 =—0.607 2.113-2.720= —0.607 
=0.006  6X1,000/1,0007=0.006 (Seis : sea rate 
: i Po AS = AS is the change in length 
oe Sa rca ea due to change in tempera- 
=1.269 Weight per foot at maxi- ture. This being the 
mum loading conditions initial temperature, there 
=4,468.1 5,670/1.269=4,468.1 is no change in length 
(2X4,468.1-0) _ 6 035 16. Al= A5/(S =) =0 O/(So=)=0 
=8.936 7a 10 e EO: V7 2 =0°F Initial temperature 
Ti TZ; 
= —=0.112; 18. =— =4,440 1,000/2X 0.1126 = 4,440 
0.1126 5 0.112; a az aC X01 
1 Da 2? 
Z= ———————_ = 0.1126 esha! § pulls ee es, es 
8.936 —0.112/2 ond (: “) ° B= 0, thsretors 19-0 
z 0.11262/ , 0.11262\ _| L 1,000 
= = 1 =2113 ee =e gp 
+2) ZA a a5 20 ) P 20. x2 2 19 “ 0=500 
He i : x? x3? 5002 500? 
=0.6124 —— for maximum loading 91. Sa 2 (: — } =28.15 | Sie 
AE 8 Oa Toa ox4aa0\)* 2x4,4408 
=0.6124X107* = 28.15 
22. Tangent sag* 
Laine 1,000 X 0.1126; 012") 
= 1+ =28.1 es ae 
4 A 12 4 r 12 
=28.15 
S,=L-+slack = 1,000+2.1=1,002.1 
1,002.12 23. a=a+D+y =4,468  (4,440+0+28)=4,468 
1en stretch = 6 ————_. = 2.735 
ee ch 0.6124 10° X. -0.1126 24. H=Wa =5,635 4,440 1.269=5,635 
+slack—stretch =999.4 1,000+2.1—2.7=999.4 25. TN=Wa =5,670 4,468 X 1.269 = 5,670 
level span, the sag yz and the tangent sag are identical. 
23 should equal item 7, and item 25 should equal item 5. 
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tions of items 18 to 25, inclusive, are then 
made in Column 1. 


EXAMPLE NUMBER 2. CALCULATED ON 
Form NumBer 1 wits 4,279-Foor 
NONLEVEL SPAN*® AND CONSTANT 
MODULUS OF ELASTICITY 


These calculations are similar to those 
in Example Number 1. Due to the dif- 
ference in elevation, the straight line 
distance between supports, L, is greater 
than the span length L; also the tangent 
sag and sag ye have different values. Fig- 
ure 4 is the ‘“‘Z-temperature”’ curve for 
this example. 


EXAMPLE NUMBER 3. CALCULATED ON 
Form NuMBER 2 witH 1,200-Foor 
LEVEL SPAN? AND VARIABLE MODULUS 
OF ELASTICITY 


This calculation makes use of the stress- 
strain curves, Figure 3. 

As in the solution of problems, Ex- 
ample Number 1 and Example Number 2, 
calculations at maximum tension and 
loading conditions are made in column 1. 

Sequentially the calculations of items 
1 to 10, inclusive, are similar to those 
described previously. 

The operations in items 11 to 17, in- 
clusive, are 


stretched) at 32 degrees Fahrenheit, 
Z=0.1654. Proceeding down column 3, 
items 18 to 25, inclusive, are calculated 
as in column 1. . 

Columns 4, 5, and 6 give the calcula- 
tions for the ‘Permanent’ condition 
(cable prestretched) at 32 degrees Fahren- 
heit, 1/2-inch ice, no wind. 


ExAMPLE NUMBER 4. CALCULATED ON 
Form NumMsBer 2 witH 1,200-Foor 
NONLEVEL SPAN W1TH VARIABLE Mop- 
ULUS OF ELASTICITY 


The calculations of Example 4 are 
similar to those for Example Number 3. 


Appendix. Derivation of 
Formulas 


Let the conductor be represented by the 
Curve A-B, Figure 5. - 

The fundamental formulas of the caten- 
ary referred to the point where it has a hori- 
zontal tangent are: 


x 
y= af cosh 1) (5) 


s=asinh = (6) 
a 


WS rf 
Pigg Smee, 
, az 


2T,— WD ‘ 
pe eee es 15) 
Coth Z Ws ( 


erp ie | 
ag esi 


From the foregoing equations by substitu- 
tion, transposition, et cetera: 
Let 


re 


ik 
a= - (by definition) (17) 


Substituting equation 17 in equation 10 


Combining equations 10 and 15 


Cosh 2 isd 
z 


10) (19) | 


where 


(2) (2 
1+(7 lor 3) 


14. Per cent elongation 


11. Sp=L-+10 =1205.4 1,200+5.4=1,205.4 
WS, 2.439 X 1,205.4 15. 
OR yee ee SB0n0% eee eae gong 
2Z 2X 0.1646 16. S,—L,=10—15 
Tave 8,930 7 
Vee =12,660 ———=12,66( 17. ¢ 
ale | 0.2088" 


Calculation of items 18 to 25, inclusive, 
are similar te those previously explained 
in Example Number 1. 

Columns 2, et cetera, indicate the cal- 
culations of “Temporary” and ‘“Perma- 
nent’’ sags and tension at 32 degrees Fahr- 
enheit, 1/2-inch ice, no wind. Under 
these conditions W=1.999. 

A method of successive approxima- 
tions is used. Referring to column 2, a 
value of Z=0.1646 is assumed; calculat- 
ing items 9 to 16, inclusive, in a similar 
manner to that indicated in column 1, we 
have item 16,(S,—L,) = 10—15=3.885. 


The value of 16 should be 3.945 


The difference of these to values is 0.060 
Adding slack, column 2 5.415 
5.475 


for slack = 5.475, we calculate the value of 
Z=0.1654 completing calculation of items 
12 to 16, inclusive; in column 3 we get 
item 16, S,—L,=3.945, therefore, for the 
temporary condition (cable not pre- 
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Elongation (14+ 100),5, = 1.470 


=0.122 


From 0° Fahrenheit, curve | 
Figure 3 for Tg,;= 12,660 | 


The horizontal component of tension at 
any point on the suspended conductor is: 


H=Wa (7) 


The tension at any point on the suspended 
conductor is 


T=Wy+H=W(y+a) (8) 


The following equations are derived in 


“Transmission Line Catenary Calcula- 
tions.’’4 
L oe 
Cas (by definition) (9) 
52 WD 
WL, ig) 
L? F Zt 
Slack = $ —L,=— Z4 14+— ne 
AL, ( +24 (11) 
L,Z , 3L*—2D? 
Tangent sag = —- +———_—__ 7 
Parmer eon 
oo 42 )4 
; aa teas (12) 
ToaveS 
Stretch = —— 
rete AE (13) 
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=3,945 5.415 —1.470=3.945 
=0°F Temperature at maximum 
tension and loading 
1 
= ems a i (21 
ro) paneer 
Q 2 


Figure 6 shows the relationship between Q | 
and Z for various values of D/L. It is | 
evident that Q may be generally considered | 
to be unity without loss of accuracy. 


Expanding (z/sinh z) as a series 


Ze zt a 
sinh 3 (1-2)... a | 


Substituting equation 22 in equation 16 | 
¢| 


8 D(a 
=~ ta sinh-! | —(1-— +... | 
ars a sinh Be at )I (23) | 

2 | 

sinn-f (1 -2)] 

P= 


ZL aD Zt 
= =e Pp} —( 72 ys 
am ee r )] (25 
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(26) 


(28) 


(29) 


(30) 


g the foregoing equations and 
eir order 


L-=L+d; where er ora 


No Discussion 


(A) 


(B) 


(C) 


(D) 


(E) 


(F) 


(G) 


(HX) 


(1) 
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H=Wa W) 


Hf] 
moe se Ne) Sse 
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Steady-State Characteristics of Carbon- 
Pile Voltage Regulators 


D. G. SCORGIE 


ASSOCIATE AIEE 


TTEMPTS to measure the steady- 

state characteristics of carbon-pile 
voltage regulators have repeatedly been 
made and have ended in failure. The 
straight-forward method of measuring 
carbon-pile resistance versus operating 
coil voltage is to connect the operating 
coil of a regulator in series with a source 
of current and a variable resistance. This 
method fails, though, because upon in- 
creasing the voltage applied to the operat- 
ing coil a point is reached where the 
carbon-pile resistance can no longer be 
controlled by manual adjustments. 

It is not sufficient to attribute this re- 
sult to a lack of sensitivity in controlling 
the voltage. Instead, the measurements 
reported upon here indicate that there 
exists an operating voltage above which 
the carbon-pile resistance jumps discon- 
tinuously to a high value. An electronic 
measuring circuit (see Appendix I) which 
controls pile resistance directly has been 
used to circumvent this difficulty, With 
its use steady-state carbon-pile resistance 
versus operating coil voltage hysteresis 
loops have been obtained under several 
conditions with constant current flowing 
through the carbon pile. The first case 
uses carbon-pile currents of the order of 
milliamperes, and hence eliminates most 
of the heating effects within the pile. 
The other cases use current of the same 
order of magnitude as that which actually 
flows through a carbon pile in operation. 

In an effort to evaluate the effects due 
to heating, hysteresis loops were taken at 
an elevated ambient temperature and low 
pile current, then again at room am- 
bient temperature and high pile current. 
It was hoped to separate the effects 
caused by: (a) expansion due to heating 
of the metallic parts of the regulator, and 
(b) resistance and pressure changes due 
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D. H. SCHAEFER 


ASSOCIATE AIEE - 


to extremely high local temperatures 
within the carbon stack. 


Measurement Technique 


The electronic measuring circuit is re- 
produced in Figure 1. It consists essen- 
tially of a d-c amplifier with a cathode- 
follower matching stage to supply the 
large current for the regulator operating 
coil. 

For the measurements in which small 
constant carbon-pile current flows, the 
input to the d-c amplifier is connected 
across the series combination of the 
regulator carbon pile and the variable re- 
sistor, R,. For measurements using high 
pile currents the Helipots and carbon-pile 
supply of Figure 1(A) are replaced by the 
arrangement shown in Figure 1(B). In 
both cases a closed, stable loop is formed 
which acts automatically to control the 
magnitude of the pile resistance. The 
operation of this circuit is described in 
Appendix I, 


Linear Theory of Regulator 
Operation 


The dotted curves of Figure 2 are 
several force-versus-displacement curves 
for the regulator magnet at constant 
operating coil ampere-turns. The volt- 
age across the operating coil circuit is 
RI where R, is the total circuit resistance. 
Hysteresis is ignored in these curves but 
will be discussed later. Two additional 
curves are superimposed on the magnet 
curves in Figure 2. The first is the force- 
versus-deflection characteristic of the 
spring. The second, although misnamed, 
is called the carbon-pile characteristic,! 
and is constructed by adding the carbon 
pile and spring forces at each deflection. 
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// 


ve 


Therefore the net force on the carbon pile 
is given by the difference between 


left corresponds to an increase of carbon- 
pile resistance. Loosening the pile screw | 
corresponds graphically to moving the 


the right along the spring curve. Figu 

2(B) shows a carbon-pile characteristi 
for a regulator with its pile screw further 
out than Figure 2(A). 

Provided system stability criteria a 
satisfied,? the only requirement for | 
regulator to operate at a specific point i 
that the algebraic sum of the spring, | 
magnet, and carbon-pile forces be zero. | 
Any point of intersection of a magnet andl 
carbon-pile characteristic satisfies this _ 
condition, and the operating voltage will | 
be determined by which magnet curve is — 
selected. It can be seen from Figure a | 
that for low carbon-pile resistances the 
armature must be far to the right and hel | 
carbon-pile characteristic intersects a low | 
NI magnet curve. As the resistance is in- 
creased, points of equilibrium are found 
at higher NJ magnet curves until the _ 
curve marked NJ, is intersected. From _ 
then on, points of equilibrium for still 
higher resistances are found at lower NI 
magnet curves. In other words, it would _ 
be expected that for increasing carbon- 
pile resistance the operating coil voltage _ 
would increase to a maximum of R,J2_ 
then decrease. Both the ascending and | 
descending portions of curve A of Figure 8 © 
show such a situation. Similar ere | | 
applied to Figure 2(B) show that no — 
maximum voltage would be expected. — 
Curve B of Figure 8 was measured on the — 
same regulator as curve A, but with the | 
pile screw loosened. 

According to linear theory, perfect reg-_ 
ulation would be afforded by paral-_ 
lelism between the magnet and carbon-— 
pile characteristic curves. Linear sta-_ 


a | 


Paper 51-295, recommended by the AIEE Air | 
Transportation Committee and approved by the — 
AIEE Technical Program Committee for presenta- 
tion at the AIEE Pacific General Meeting, Port- 
land, Oreg., August 20-23, 1951. Manuscript 
submitted May 18, 1951; made available for — 
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Hl PILE 
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Figure 1(A). Schematic diagram of regulator 
test circuit 


\bility criteria demand, however, that the 
‘magnitude of the slope of the carbon-pile 
curve be greater than that of the magnet 
curve at a point of stable operation. 
This is equivalent to saying that generator 
terminal voltage must drop with load for 
any stable regulated generator. Since we 
‘know this to be false, in practice non- 
linearities must exist, and their nature 
has been experimentally investigated in 
the section which follows. 


: Experimental Results 


The experiments performed were in- 
tended to determine the manner in which 
performance differs from the idealized 
picture given above. A standard 28-volt 
d-c regulator with disk-type spring was 
used for all measurements. The various 
adjustments of the regulator are noted on 
the graphs. 


CONSTANT TEMPERATURE DATA 


For the series of tests in Figures 3, 4, 
and 5, the temperatures in the regulator 
were held constant during the measure- 
ment of each loop. All were run with 
less than 0.1 watt power dissipation in the 
carbon pile, so that the variable heating 
was all due to operating coil current and 
thus very nearly constant. Figure 3 
shows major hysteresis loops, A, B, C, 
and D for which the maximum carbon pile 
Tesistances were infinity, 50 ohms, 30 
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DEFLECTION (INCREASING 


1951, VoLuME 70 


a ms eos eos 


==> | MAGNET 
CURVES 


AiR GAP —») 


+135V 
Bo (+) 


6- AS75 IN 
PARALLEL 


} OPERATING COIL 
CIRCUIT 


ohms, and 10 ohms, respectively. IH, 
after each loop, the voltage is lowered to 
the neighborhood of 15 volts the rising 
portion of the loop can then be reproduced 
very accurately. If however, the base 
carbon-pile resistance was never reached, 
the rising portion of the next loop was in 
some cases not reproduced. This effect 
is shown in Figure 4, curve A, the de- 
scending portion of which is identical with 
curve A of Figure 3. From the graphs it 
can be seen that hysteresis alone can ac- 
count for variations of up to 1.5 volts in 
the operating coil voltage for a given re- 
sistance. 

Further constant temperature curves 
were taken but this time at elevated am- 
bient temperatures. Carbon-pile current 
remained of the order of milliamperes and 
the ambient temperature was raised. As 
a result, operating coil voltages were 
higher than before, as shown in Figure 5. 
Only the rising portions of the curves are 
reproduced, and are compared in Figure 5 
with the corresponding curves at room 
ambient temperature. 


HiGH PILE CURRENT DATA 


The remainder of the tests were run 
with pile currents of either 1, 2, or 3 
amperes. The ambient temperature was 
regulated in such a manner as to hold re- 
sistance of the operating coil circuit at a 
constant value for all tests. Figure 6 
shows rising portions of four curves taken 
on a regulator adjusted for no drop upon 
application of full generator load. Figure 


7 shows the same four curves measured 
| 


Figure Q(A) wal 
(left). Force- 
deflection char- 


acteristics with 
pile screw tight- 


ened 
WwW 
Oo 
a 
Figure 9(B) ec 
(right).  Force- 
deflection char- 


acteristics with 
pile screw loos- 
ened 


CARBON PILE 
CHARACTERISTIC 


B, (-) = 


Figure 1(B). Test circuit modification for high 
pile current 


on a regulator adjusted for a half-volt 
drop upon application of fullload. It can 
be seen that larger currents in the pile 
lower the operating coil voltage for a 
given resistance in Figure 6 while the op- 
posite effect is shown for the lower parts 
of the 2- and 3-ampere curves of Figure 7. 


EFFECT OF REGULATOR ADJUSTMENT 


Figure 8 shows experimental results ob- 
tained from the regulator under two con- 
ditions of adjustment. For curve A the 
regulator was adjusted for zero regulation 
at 27.7 volts. The conditions in curve B 
were the same except for a readjustment 
to obtain a 1/2-volt regulation upon ap- 
plication of full rated load to the 200- 
ampere generator. Each curve was 
measured while a constant current of 1 
ampere was flowing in the carbon pile. 
For resistance values higher than those 
plotted, the pile current was decreased 
and the value of pile resistance raised to 
infinity. 


Discussion of Experimental Results 


HYSTERESIS 


Multivalued curves such as those given 
in Figures 3 and 4 can only be explained 
on the basis of hysteresis since tempera- 
ture was held constant. Two kinds are 
present in the regulator, namely mag- 
netic and carbon-pile hysteresis. The 
latter is recognized by the pile manufac- 
turers, who publish pressure-resistance 
hysteresis loops in their catalogues. Their 
loops indicate that for the same force on 


SPRING CURVE 
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— 
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Figure 3 (left). 50 


Regulator _hys- 48 
teresis loops with 46 
low carbon-pile 44 
current (0.033 4e 
ampere). Regu- 40 
lator adjusted 38 


for 27.8 volts, no 36 


drop upon appli- 4 


cation of load 


(OHMS) 


(OHMS) 


Figure 5 (right). 


CARBON-PILE RESISTANCE 


CARBON-PILE RESISTANCE 


Ascending por- 


tions of loops for 2 


various ambient 10 


temperatures, 21- 


milliampere pile 


lator adjusted for 


26 27 28 
PERATING COIL VOLTAGE 


the carbon pile the resistance will be 
greater upon compression than upon de- 
compression. If no other hysteresis were 
present this would mean that the dia- 
grams in Figure 2 must be valid. There- 
fore, in Figure 3, the descending portion 
would cover the identical voltage range as 
the ascending portion, but for every volt- 
age the resistance would be higher. The 
result would be a curve such as shown in 
Figure 9, which was calculated from the 


50 


8 
6 
current.- Regu- 4 
z 
0 


27.35 volts no 
drop upon appli- 
cation of load 


29 30 


manufacturer’s curves for the particular 
pile. For all practical purposes, Figure 9 
shows the effect of carbon-pile hysteresis 
to be negligible. 

Figures 3 and 4 must then be explained 
on the basis of magnetic hysteresis. In 
all cases the pull of the magnet is propor- 
tional to the square of the flux across the 
air gap; and, of course, the flux-versus- 
H, relationship of the iron has a certain 
small amount of hysteresis. We are 


OPERATING COIL VOLTAGE 
directly concerned, however, not with th 
o-versus-H, relationship but with the re- | 
lationship between flux, p, and total am- 
pere-turns, VJ, H;, is a function of both 
ampere-turns and air gap, and since the | 
air gap varies inversely with flux, th 
relative width of the loop @ versus NV 
will be enormously greater than that of 
¢ versus H;. The clearest generality 
which can be made is that armature | 
motion toward the pole piece always in 
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Figure 4 (left). 100 
48 Minor hysteresis 96 
46 if loops with low 92 
44 [ ies ull carbon-pile cur- 88 
po) | Reale | rent (0.033 am- 84 
40 | ie pere). Regulator 80 
38 | | adjusted for 27.8 16 
6 i il volts, no drop 2 
34 e | oul upon application Z 68 
332 fl ic i of load z 64 
S30 +> | - ~ 60 
28 aS 7 ws 56 
£26 | | 4 = 92 
24 4 ° 3 = te 
S22 + ane 
20 | Zn = 40 
= 18 Figure 6 (right). = % 
f) — 
= 16 B | , yl| 8 fil (A,B) Ascending por- & 32 
= l4 El pag | Sams els tions of loops © 28 
12 JE : an es with various pile 24 
10 J ; ie currents, Regu- 20 
3 \ oie | lator adjusted for 6 
6 se MY 27.3 volts. Zero 12 
4 eect Aad drop upon appli- 8 
aha : | | -| cation of load. 4 
F & coonaememe OOP hoicL. Operating coil 0 
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Figure 7 (left). 40 


Ascending por- 38 


(OHMS) 


tions of loops 36 
with various pile 34 
currents. Regu- _ 32 
lator adjusted for # 30 


27.3 volts. Half- ~ 98 
volt drop upon 
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o-oo 


application of <= 24 


load. Operating 2 00 


n 
= 


coil resistance 
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‘dicates an increase of flux. Therefore, 
flux and carbon-pile resistance increase 
together and decrease together. As a re- 
sult, a single constant NJ curve (Figure 
2) will move to a region of greater magnet 
force (therefore flux) for a given pile re- 
sistance when the resistance is being de- 
creased. It is not particularly necessary 
to know whether it is an air-gap change 
or a current change which is determining 
the hysteresis. However, the hysteresis 
effect due to change of air gap is held re- 
sponsible for the regulator behavior near 
the peaks in Figure 3, because the coil 
current is decreasing monotonically 
through this region. 

Let us think of the magnet curves of 
Figure 2 as representing, at each point, 
the force on the armature while approach- 
ing the pole piece. They will then rep- 


Effect of carbon- 26 
pile hysteresis 


resent the minimum force on the armature 
for a given current. The hysteresis effect 
indicates that for displacements away from 
the pole piece each magnet force curve will 
be higher for a given current. In other 
words for displacements away from the 
pole piece less current is needed for the 
same magnet force. In terms of carbon- 
pile resistance this means that less operat- 
ing coil current is required for a given re- 
sistance when the resistance is decreasing. 


HEATING EFFECTS 


In Figure 5 the increase in terminal 
voltage observed upon raising the am- 
bient temperature was only one-third as 
great as the increase that would be caused 
only by a change in resistance of the 
operating coil circuit. This can be ex- 
plained by the fact that the regulator 


(OHMS) 
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Figure 8 (left). Effect of 


regulator adjustment 


Curve A—Adjustment for zero 


regulation 
Curve B—Adijustment for 1/92- 


volt regulation 
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under test has temperature compensators 
that alter the magnetic circuit. Here 
these compensators balanced out the 
effect of two-thirds of the operating coil 
resistance change. 

The data shown in Figures 6 and 7 
were taken with ambient temperature 
held such that the operating coil resist- 
ance was approximately the same for all 
runs. This was done primarily to elim- 
inate the effect of changes in the mag- 
netic compensator during the tests. 
Since the magnetic compensator and the 
operating coil occupy the same physical 
region, their temperatures probably re- 
main constant if the operating coil re- 
sistance is constant. 

High current in the carbon pile has two 
results, namely a thermal expansion of 
the carbon, and a decrease in its resistiv- 
ity. Measurements with a _ thermo: 
couple placed in the space at the center 
of a carbon pile indicate that the tem- 
perature rises about 200 degrees centi- 
grade under normal operation. Tem- 
peratures in the pile itself must increase 
a great deal more. The resulting de- 
crease in the resistivity of the carbon must 
be compensated for by lowering the pile 
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pressure, or in other words operating 
closer to the pole piece. 

A 2inch length of carbon will expand 
slightly more than 0.001 inch for each 
100-degree centigrade temperature rise, 
which is significant when considering the 
operation of a practical regulator, There- 
fore for a fixed regulator armature posi- 
tion, pile pressure is increased by higher 
temperatures, and Figure 2 is changed by 
characteristic 
curve, original 
carbon pile resistance the regulator arma- 


lowering the carbon-pile 


In order to restore the 


ture must again move toward the pole 
piece, Therefore thermally caused 
changes of both carbon resistivity and 
length result in the regulator operating 
with #maller air gap. It follows that if 
the temperature increases slightly the 
if the 
magnet and carbon pile characteristics are 
Figure 2(A), and 
will increase if they are related ag at point 
8, Figures 2(A) and 2(1), 


regulated voltage will decrease 


related as at point A, 


Kixamine Figures 6 and 7 in the light 
of the preceding two paragraphs. The 
Vigure taken with the 
regulator adjusted for zero drop with 
load, corresponding to a point near C of 
Iigure 2, 
CYEASES 


data of , were 


As pile power dissipation in 
, the changes of carbon resistivity 
and Je aris make it necessary to operate 
at smaller air gap in order to obtain the 
same resistance, so that the operation 
moves to the vieinity of point A, Iigure 
2, which ig a region of decreasing voltage. 
This change in operating point for the 
same resistance is well illustrated in 
Kigure 6 where, 
the reyulator armature struck the pole 
piece, With low power dissipation the 
resistance wag raised to 100 ohms with- 
out the armature striking the pole piece. 
With J-ampere pile current, however, the 
armature struck the pole piece at 70 
ohms. A general lowering of the carbon 
pile characteristic results from pile heat, 
as mentioned above, and this effeet mani- 
fests itself in a slightly smaller maximum 
voltage for the high current curves, 


Data for igure 7 were taken with an 
adjustment for 1/2-volv regulation, corre- 
sponding at low pile resistances to a region 
near Is of Wigure 2, In this instanee pile 
heating causes operation for a given re- 
sistance at smaller air gap, therefore 
higher voltage, Vor high pile resistance, 
however, the regulator operates near A of 
Vigure 2, and heating of the pile causes a 
lowaride: of the voltage, Ayain in Figure 
7 the maximum voltage is slightly lower 
for the high pile current data, Not too 
much faith should be placed in the latter 
small variations, since the curves are re- 
producible to only about 0,1 volt, 
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on the l-ampere curve, | 


Relation to Transient Considerations 


In previous papers”? linear theory has 
been successfully used to predict the 
transient characteristics of carbon pile 
regulators. It will be recalled that in the 
vicinity of some initial operating point the 
steady-state relationship between carbon- 
pile resistance and operating coil voltage 
was assumed to be a straight line of slope 
K,. In the linear theory good steady- 
state regulation depends upon K, being a 
large positive number, but if K, becomes 
too large or negative the system becomes 
unstable, The upward portion of Figures 
3 and 4 seems to show regions of insta- 
bility according to the above criteria 
(that is, negative K,). The minor loop, 
curve B of Figure 4, however, shows the 
average slope angle decreases for small 


disturbances, thereby “allowing system 


stability. 
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Figure 11. Simulated regulator performance 


upon application of load (carbon-pile current 1 
ampere) 


This can be explained in terms of a 
force-deflection diagram, Figure 10 
shows the position of one constant-NJ 
magnet curve both when the carbon-pile 
resistance is being increased and when it is 
being decreased, As stated in the section 
of hysteresis effects, for displacements 
away from the pole piece (decreasing re- 
sistances) each such magnet curve will be 
higher, From the results of the previous 
paper’ it follows that if the slope of the 
magnet curve is nearly as great or greater 
than the slope of the carbon-pile charac- 
teristic, then K, is very large or minus and 
the system is unstable. Therefore, all 
points to the left of such a position as C of 
igure 2(A) should be points of insta- 
bility. However, small excursions from 
an operating point will oceur along a 
ininor hysteresis loop such as drawn in 
Figure 10, The effective slope of the 
Inagnet curve is thus seen to be reduced, 
allowing stability, The effect of magnetic 
hysteresis in the regulator then is to allow 
perfect regulation and even voltage rises 
for large disturbances and yet have a 
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stable system, a combination not possib! 
with a linear system. j 

Introduction of a large transient di 
turbance, such as might completel 
the pile, will drive the regulator iron ont 
a new portion of its major hysteresis loc 
where it then operates around mi 
hysteresis loops for further small 
turbances. Curve A of Figure 4 i illus 
trates this effect. By bringing a loade 
generator gradually up to speed one cai 
keep the regulator on its rising portion an 
observe the abnormally high regulate 
voltage. If the generator load is thet 
cycled the carbon pile will completeh 
open during transient load removals anc 
subsequent operation of the regulator wil 
be on or near the descending portion o 
the curves of Figure 8. 

Application of load will not then nor- 
mally close the pile far enough to re 
the regulator to the region of high reg- | 
ulated voltage. Figure 11 serves t 
illustrate this point. There the hys 
teresis loops are those followed in ar 
actual case by the regulator controlling ¢ 
generator to which full load was applied 
The regulator was adjusted to give 1/2. 
volt drop with load. However, heatin; 
effects were not taken into account, as 4 
constant carbon-pile current of 1 amper 
was used in obtaining the hysteresis” 
measurements, 


NC 
6 


Summary 


The use of a feed-back electronic con- 
trol circuit permits measurement of 
steady-state carbon-pile regulator char- _ 
acteristics throughout the complete oper-_ 
ating range. Measurements obtaine 
using such a circuit reveal the part playe 
by magnetic hysteresis in determinin 
regulator performance. The effects o! 
ambient temperature and carbon-pile 
power dissipation have also been studie 
and the latter is found to be of greater 
relative importance. Magnetic hysteresi 
is found to have the beneficial effect o 
perinitting good regulation of large dis 
turbances, yet tending to stabilize the 
regulated system in the steady state. 


Appendix |. Operation of 
Measuring Circuit F 


The following sequence of Pe puts the 
circuit into operation: 


1. Set the resistances in series with the — 
carbon pile at some resistance greater than 
any value to be measured in the regulator — 
hysteresis loop, 


2. Turn on the B supply and the filaments 
of the 6SF5, Set point Cp at 2.5 volts. 
Set point A at ground potential. gi | 


AIEE TRANSACTIONS. 


. Heat the 6F5 filaments. Close switch 
j, and set point B at ground potential. 


Heat the 64.S7 filaments. Turn on the 
2 supply and allow a voltage of less than 10 
olts to be impressed across the operating 
oil circuit of the regulator. 


. Rebalance the whole circuit. Warm for 


n hour. Rebalance again. 
: 


The circuit now is ready for use. Uptoa 
doint just below the operating range of the 
gulator the operating coil voltage can be 
adjusted by varying the 64 S7 plate supply, 
nd the circuit balanced by varying the 
ies resistor (R, in Figures 1(A) and 1(B)). 
bove that point, however, the regulator 
omes extremely sensitive to voltage 
anges. Therefore from that point on the 
'A.S7 plate supply is left at a constant value 
while the series resistors are further de- 


creased, allowing the electronic circuit 
automatically to increase the carbon-pile 
resistance. This eliminates minor hys- 
teresis loops and assures control over the 
direction of each carbon-pile resistance 
change. During this time the circuit will 
become unbalanced, but the fluctuations in 
current through the carbon pile during each 
loop measurement are less than 5 per cent. 
All resistances are calculated from ammeter 
and voltmeter readings. 

When it is desired to extend the hysteresis 
loop to infinite pile resistance’ values, the 
pile resistance is first increased to the high- 
est plotted value by the technique described 
above. Then, in parallel with the pile, a 70- 
ohm rheostat is connected, the resistance of 
which is slowly decreased. The action of 
the feed-back loop is such that the carbon- 
pile resistance goes to infinity. Manually 
increasing the 64S7 plate supply assures 


complete opening of the pile. From the 
time the 70-ohm rheostat is connected the 
carbon-pile current is of course not held 
constant. All of these operations are done 
in reverse to obtain the decreasing portion 
of the hysteresis loop. 


References 


1. ANALYSIS AND REDESIGN OF A CARBON- PILE 
VOLTAGE REGULATOR FOR AIRCRAFT GENERATORS, 
W. B. Kouwenhoven, G. H. Thaler, AJEE Trans- 
actions, volume 67, part II, 1948, pages 1197-1203. 


2. TRANSIENT ANALYSIS OF VOLTAGE-REGULATED 
ArrcrAFT D-C Systems, Donald G. Scorgie. 
AIEE Transactions, volume 69, part II, 1950, pages 
1318-23. 


3. Dynamic CHARACTERISTICS OF CARBON-PILE 
VoLTAGE Recutators, R. L. Mills. AIEE Trans- 
actions, volume 69, part II, 1951, pages 1347-52. 


! 


1, VoLuME 70 


No Discussion 


Scorgie, Schaefer—Characteristics of Carbon-Pile Voltage Regulators 


1577 


Design of Permanent-Magnet Alternators 


ROBERT M. SAUNDERS 


MEMBER AIEE 


Synopsis: Permanent-magnet alternators 
offer a substantial reduction in weight and 
space for aircraft and portable applications 
and are therefore becoming more attractive. 
In this paper qualitative remarks are made 
on the major electrical factors to be con- 
sidered in beginning the design of this class 
of machines; these are: voltage regulation, 
magnet stabilization, rotor design, sub- 
transient reactance, negative sequence re- 
actance, heating, and efficiency. 


ERMANENT-magnet alternators 
have been used for many years in 
small sized units such as tachometer 
generators, governor frequency sources, 
and magnetos, but until recently have 
not been adopted widely as primary 
sources of power. With the development 
of dispersion-hardening alloys typified 
by the Alnico family and their application 
to rotating machinery, the permanent 
magnet alternator has assumed a more 
important role for power applications. 
In some ratings these machines weigh 
less, consume less space, and cost less than 
d-c excited alternators. The saving in 
weight and space is accomplished chiefly 
by the elimination of the d-c exciter. 
When the exciter is absent, commutation 
problems are eliminated. Hence, these 
machines are assuming an important role 
for portable and aircraft applications. 
Since the literature pertaining directly 
to permanent-magnet synchronous ma- 
chines is largely descriptive and not very 
extensive in the design field, it is the ob- 
ject of this paper to outline in a rather 
general and qualitative manner the pro- 
cedures and factors that must be con- 
sidered in the design of permanent-magnet 
alternators. Future papers will consider 
the individual problems in more com- 
plete fashion than is feasible here. 
Throughout the paper the term ‘‘stand- 
ard machine” is used. The authors wish 
to define a standard machine for the pur- 
poses of this paper as one which has a d-c 
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ROBERT H. WEAKLEY 


ASSOCIATE MEMBER AIEE 


excited field, approximately 40 per cent 
regulation, and is used with an external 
voltage regulator. 

In beginning the design of a permanent- 
magnet synchronous machine the de- 
signer is faced with several problems and 
factors which are different from those 
encountered in the design of standard 
machines; they are (1) a consideration of 
the behavior of magnetic circuits em- 
ploying permanent-magnet materials, (2) 
the effects of demagnetizing forces upon 
the permanent-magnet materials, (3) the 
means to be employed for magnetizing 
the machine, (4) the type of magnet 
stabilization to be utilized, (5) methods 
for reducing the voltage regulation, and 
(6) methods for reducing the transient 
and negative-sequence reactances. 

These aspects now will be considered in 
detail. 


Permanent Magnets With 
Demagnetizing Forces 


While it will be assumed that the reader 
is familiar with the general principles per- 
taining to magnetic circuits containing 
permanent magnets,!~! for clarity it is 
necessary to set forth a few maxims and 
comments: 


1. For a magnetic circuit of specified 
area and length and having a specified flux, 
the volume of magnetic material is least 
when the energy product is a maximum.?5 


2. If a permanent magnet is partially 
demagnetized by the application of a cer- 
tain magnetomotive force, then it will not 
be demagnetized further by magnetomotive 
forces of smaller magnitude than the orig- 
inal demagnetizing magnetomotive force,®7 


3. When the permanent magnet material 
is subjected to a magnetizing or demagnetiz- 
ing force, the change in the molecular struc- 
ture is essentially instantaneous. 


4. The magnetizing magnetomotive force 
(mmf) should be of the order of five times the 
product of the coercive force ( H,) and the 
magnet length.* : 


As a consequence of (1), for minimum 
volume of magnetic material, the operat- 
ing line OR, Figure 1, should intersect the 
demagnetization curve B,H, at Q. Note 
that the operating line OR is a curve in 
general rather than a straight line; this is 
especially true in synchronous machines 
that are heavily saturated in the armature 
teeth. 

Maxim (2) is a very important property 
and is known as the stabilization condi- 
tion. Each permanent magnet must be 
stabilized by subjecting it to a demag- 
netizing force greater than any expected 
in service. A permanent magnet may be 
considered as a source of mmf possess- 
ing a reluctance which is a function not 
only of the flux density but also of its 
previous magnetic history. The relation 
between the flux density associated with a 
magnet and the mmf available for use in 
the external circuit is the demagnetization 
curve, B,, Q, H,, Figure 1. If OR repre- 
sents the function describing the relation- 
ship between the external mmf and flux 
density, the point of stable operation of 
the permanent magnet with the magnetic 
circuit will be at Q. If the magnet is now 
subjected to an external demagnetizing 
force, F4, the stable operating point with 
this demagnetizing mmf is Q’. When Fy 
is removed, the magnet will not recover 
to Q but rather along the minor-hys- 
teresis loop back to OR. This minor 
hysteresis loop may be thought of as a 
straight line parallel to the slope of the 
major loop at B,. Any subsequent de- 
magnetization mmf less than or equal te 
F4 will result in operation along the minor 
loop line Q’A. In the synchronous ma- 
chine, the maximum possible minf, an¢ 
hence the maximum possible demagnetiz. 
ing effect, exists when the machine has 
been suddenly short-circuited. The mag. 
nitude of the armature mmf is limitec 
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Figure 1. 
and energy product curves for a permanent 


magnet material. Note that for positive 
magnetizing forces a reduced scale is employed 


mainly by the subtransient reactance and 
may be 5 to 8 times the no-load mmf. If 
short circuits are unlikely, the maximum 
mmf encountered is the steady-state 
direct axis armature mmf whose order of 
magnitude is the same as the no-load main 
held mmf. At zero power factor lagging 
4s a generator, the armature reaction 
mmf lies in direct opposition to the main 
field mmf and thereby represents the 
worst steady-state condition. In a 
machine with a permanent magnet rotor, 
these mmfs might well demagnetize the 
poles to such an extent that the resultant 
output voltage would be in the neighbor- 
hood of 10 per cent of rated voltage. 
However, there are steps that may be 
taken in the design of the machine to re- 
duce these demagnetizing mmfs to such an 
extent that they are not harmful. Some- 
times it also is possible to remagnetize 
the poles rather easily while the machine 
is operating, thus restoring the residual 
minf to the desired operating value. 


Armature Design 


Once the magnets have been stabilized, 
the operating characteristics of a perma- 
nent magnet alternator are virtually the 
same as a Standard alternator operating 
at a constant field current. Since low- 
voltage regulation is generally necessary, 
departure must be made from the arma- 
ture design employed for standard ma- 
chines utilizing avoltageregulator. There 
are three possibilities: (1) use a ‘‘close- 
regulated’’ design, (2) use series capaci- 
tors, and (3) use interpolar shunts. Ina 
“close-regulated’’ machine, one approach 
is to make the armature reaction mmf 
small with respect to the rotor mmf, the 
direct-axis reactance which is proportional 
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to the armature mmf thus being small. 
This results in a lower J,.X q drop and less 
regulation. To reduce the armature re- 
action mmf and direct-axis reactance, the 
armature turns must be reduced, which 
requires that the total air gap: flux must 
be increased to generate the proper volt- 
age. This practice will tend to increase 
the volume of the machine, but, at the 
same time, the inherent voltage regulation 
will be decreased. It is not uncommon 
for the short-circuit ratio to be in the 
neighborhood of 2.0 to 3.0 as compared to 
1.0 for the standard machine. The dis- 
advantage of this approach is that the 
machine size is increased over that for a 
standard machine. 


Resonating the adjusted synchronous 
reactance with a capacitor offers another 
solution. It would appear on the surface 
that this would produce essentially zero 
regulation for all types of loads, but such 
is not the case. In the machine the ad- 
justed synchronous reactance will tend to 
increase with leading power factor loads 
and decrease with lagging power factor 
loads; thus the resonating capacitor will 
be too large for the lagging and too small 
for the leading power factor conditions. 
In general this variation is not excessive, 
and regulations well within 10 per cent 
can be expected with the proper choice of 
capacitors. To summarize, the advan- 
tages of series capacitors are that for a 
given voltage regulation the over-all size 
and weight will be less than for a close 
regulated machine. The disadvantage is 
that in larger ratings the physical size and 
cost of the capacitor becomes prohibi- 
tively large. 


The third possibility lies in use of inter- 
polar shunts. In this scheme, the arma- 
ture reaction mmf is encouraged to es- 
tablish its flux in a magnetic shunt be- 
tween the poles. This procedure means 
that a large percentage of the armature 
mimf is consumed in establishing the flux 
through the shunts and little remains to 
oppose the direct-axis magnet mmf. In 
the authors’) experience, this method 
holds little promise unless the power 
factor of the load remains at or near unity. 
As an example a machine with 13.5 per 
cent regulation on a unity power factor 
load had a regulation of 5.0 per cent with 
interpolar shunts in the quadrature axis, 
but when the power factor was 0.8 lag the 
regulation was 35.7 per cent without 
shunts and 46.5 per cent with shunts. To 
summarize, interpolar shunts are an ad- 
vantage when unity power factor loads 
are encountered and permit the perma- 
nent magnet machine to be of acomparable 
physical size to the standard machine. 
It may have an advantage over the 
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capacitor-compensated machine men- 
tioned above in the ratings where the 
capacitor is prohibitively large. Inter- 
polar shunts have not been found to be 
feasible for lagging-power factor loads. 

Irrespective of the type of armature de- 
sign, there will result from the calculations 
of the armature winding and magnetic 
circuit a required mmf that the per- 
manent magnet will have to deliver. The 
next section considers some factors in- 
volved in the manner of computing this 
mf. 


Rotor Design 


The type of permanent magnet alloy 
and whether one uses an integrally cast 1- 
piece rotor or separate poles as shown in 
Figure 2 will depend upon mechanical, 
economic, and other factors which are be- 
yond the scope of this paper. The pro- 
cedures developed herein will apply to 1- 
piece rotors but are specifically developed 
for the separate pole type. 

The first decision to be reached is that 
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CAP SCREW 
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Two possible forms that a per- 
manent magnet alternator rotor can assume. 
The upper is an integrally cast unit employed 
on small machines, while the lower is an as- 
sembled unit for larger machines 


Figure 2. 
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of the stabilization method. In this ap- 
plication the magnets may be stabilized 
in air or in the machine. Stabilization in 
air is desirable in case magnetization can 
not be easily effected in the machine but 
has the disadvantage of making relatively 
poor use of the permanent-magnet ma- 
terial. Stabilization within the machine 
permits operation on the best minor loop 
in the sense of the highest energy product 
available for the demagnetizing force en- 
countered. 

For air stabilization one may make a 
flux plot for the magnet configuration em- 
ployed while the rotor is removed from 
the machine. From this flux plot the 
average permeance of the external air 
can be computed and the slope of the line 
OQ, determined, Figure 1. The point Quy 
represents the operating point while the 
rotor is in air. Placing the rotor in the 
machine will cause the flux density to in- 
crease along the minor hysteresis loop to 
A,4, which lies on the B versus H function 
for the machine. 

For stabilization within the machine, 
the B versus H function for the mag- 
netic circuit (excepting the magnet) is 
computed in usual fashion and plotted as 
OR. The point of intersection, and hence 
the point of operation immediately after 
magnetization in the machine isQ. Now 
a demagnetizing force, F4, equal to the 
maximum expected in service is applied 
which causes the point Q to proceed to Q’. 
Removal of this mmf will result in a sta- 
bilized flux density at A. As was pointed 
out previously, as long as the demagnetiz- 
ing force does not exceed Fy, the minor 
hysteresis loop Q’, will describe the 
operating zone of this machine. In 
general, in the interests of economy of 
material the authors recommend sta- 
bilization within the machine, for the in- 
crease in terminal voltage is quite sub- 
stantial. This is especially true if the 
subtransient reactance can be made large 
with respect to a standard machine. 

It should be noted that the foregoing 
analysis assumes uniform cross-section for 
the magnetic material even though a uni- 
form cross-section is seldom used. A 
consideration of the nonuniform cross- 
section rotor is beyond the scope of this 
paper. 


Decreasing the Subtransient 
Reactance 


As was discussed before, the steady- 
state demagnetizing forces can be mini- 
mized by keeping the armature mmfs to a 
minimum. In the case of the steady-state 
armature minfs, this meant a decrease in 
the ratio of the armature mmf to the rotor 


1580 


mmf. This will not give lower armature 
mimfs on short-circuit; in fact, just the 
opposite will be true. Low synchronous 
and leakage reactances tend to result in 
large armature mmfs on short-circuit. 
When the cage and field windings are both 
absent, this transient-armature mmf must 
be balanced by an equal and opposite mmf 
in the poles alone. This represents a very 
serious demagnetization of the poles. By 
placing a heavy cage winding in the poles, 
a counter mmf will be established oppos- 
ing the transient-armature mmf. If this 
cage is sufficiently large and well coupled, 
the net demagnetizing mmf to which the 
poles will be subjected may be well below 
the stabilization mmf and thus result in no 
net reduction of the pole strength. Two 
approaches may be employed to accom- 
plish this objective. 

Casting the entire rotor in aluminum is 
one solution. This, in effect, places an in- 
finite bar cage winding on the rotor. The 
aluminum thickness over the pole shoe 
cannot be great, however, because it in- 
creases the effective air gap. Too thin an 
aluminum casting will be subject to 
mechanical damage. Where air gaps are 
small, the use of a copper plated pole may 
be of value. This method has had con- 
siderable success in shielding permanent- 
magnets of watthour meters from tran- 
sient demagnetizing mmfs due to surge 
currents passing close to the meter.!? 
This plating method involves covering all 
of the pole surfaces except the surface in 
contact with the spider. This method is 
considered superior to the cast aluminum 
cage, for the copper can be made thinner 
over the pole face thus retaining the op- 
timum air gap. A further decrease in 
subtransient reactance can be achieved by 
filling in the space between poles with a 
copper sheet or other material which is 
carefully bonded to the poles. 


Decreasing the Negative Sequence 
Reactance 


This reactance is important in single- 
phase machines for the steady-state 
voltage regulation will be effected ad- 
versely by large negative-sequence re- 
actances. Under single-phase conditions 
the negative is in series with the positive 
sequence reactance and the terminal 
voltage will be the induced voltage less 
the drop across each reactance. Fortu- 
nately, any steps taken to decrease the 
subtransient reactance also will decrease 
the negative-sequence reactance. Hence 
the addition of an aluminum ring or the 
plating of the poles will be of assistance in 
reducing the negative-sequence reactance. 

As for the 3-phase case, a series capac- 
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itor may be added which will resonate 
both the negative and positive sequence 
reactances thus making the single-phase 
voltage regulation quite small even 
though the machine possesses relatively 
large reactances. It should be noted that 
the value of the capacitor will be dif- 
ferent for each type of load and one 
capacitor cannot be employed for a 
machine that will be subjected to both 
single- and 3-phase loads. 


Magnetization 


There are four methods that may be 
employed to magnetize the rotor: (1) 
coils around the poles, (2) direct current 
in the armature, (3) leading power factor 
loads, and (4) magnetizing jig (for out- 
side-the-machine magnetizing only). 
The first three methods were employed 
by the authors. Method (1) has the 
disadvantage that it requires a special 
winding of a few turns around each pole. 
Method (2) seems to be the most suitable 
but requires orientation of the field with 
respect to the armature before energizing 
the armature. This may be done by 
passing a small direct current through the 
armature first, and then passing a rela- 
tively large value. Method (8) works on 
the principle that leading power factor 
currents produce mmfs which aid the 
main field mmf. This would tend to 
magnetize a machine, but would be 
limited to rather small machines for the 
capacitor banks become prohibitively 
large for machines of large rating. The 
authors favor method (2) as the most 
direct and expeditious for most installa- 
tions. In order to assure complete 
saturation the magnetizing mmf must be 
approximately five times the product of 
H, and magnet length.4 


Miscellany 


Many electromagnetic synchronous 
machines are limited in rating largely by 
the ability of the field to dissipate the heat 
loss associated with the windings. In the 
permanent magnet alternator, the arma- 
ture will be the limiting factor since the 
field winding is absent. The operation of 
the armature windings at the limiting 
temperature for the class of insulation 
will effect economies in size for those 
machines whose limitation has heretofore 
lain in the field winding. 

Similarly the absence of a field winding 
reduces the losses associated with a given 
machine thus increasing the efficiency. A 
15-kva 220-volt, 3/60, 1,200-++pm machine 
has an efficiency of 82.5 per cent with the 
electromagnet field while it shows an 
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efficiency of 90.9 per cent with a perma- 
nent magnet field under the same load 
conditions. 
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Servomechanism Characteristics of D-C 
Motor Driven by Controlled Rectifiers 


L. DALE HARRIS 


MEMBER AIEE . 


HERE JIS a significant number of 
applications of d-c motors in which 
either the armature power, field excita- 
tion, or both, is supplied by one or more 
controlled rectifiers. In one type of 
servomechanism system, the speed of the 
motor is controlled through the armature 
power by a controlled rectifier; in an- 
other type, the motor speed is controlled 
by the action of a controlled rectifier upon 
the field excitation. Previous papers!? 
have been written wherein an analysis is 
made of the case where the armature 
power is supplied by a controlled rectifier 
under steady state conditions. 
This paper presents an analysis of each 
of the following situations: 


1. Steady-state condition where the arma- 
ture power is controlled with a rectifier. 
This is the basis of some of the other situa- 
tions to follow, and it is shown how the 
graphical and successive approximations 
presented by Puchlowski and Vedder? ? 
are not always necessary. Supporting ex- 
perimental data are presented also. 


2. Transient conditions with a controlled 
rectifier at the armature leading to a 
servomechanism transfer function. 


3. Steady-state condition where the field 
excitation is controlled by a rectifier. 


4, Transient conditions with a controlled 
rectifier at the field leading to another 
transfer function. 
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By transient conditions is meant con- 
ditions arising from change in respect to 
time of the control quantity (tube break- 
down angle) and motor speed. 

In this paper the term controlled recti- 
fier shall refer to the ignitron or thyratron 
types of rectifiers where the a-c applied 
voltage is constant and the tube-break- 
down point is controlled. Furthermore, 
all analytical and empirical efforts de- 
scribed in this paper are limited to the 
case of the single-phase, full-wave recti- 
fier; however, the concepts herein de- 
veloped may be applied to the more 
general situation. This paper discusses 
only the linear approximation to the 
actual situation that exists. 

Figure 1 shows one type of electrical 
connection under consideration. In this 
case the armature is driven by a controlled 
rectifier and the field is excited with a 
constant voltage. The situation wherein 
the field is driven by a controlled rectifier 
is considered also. 


Armature Power Supplied by 
Rectifier 


STEADY-STATE DISCONTINUOUS 
CONDUCTION 


When the armature power to a d-c 
motor is supplied by a controlled rectifier, 
the armature current may be in the form 
of discontinuous pulses or the flow may be 


Figure 1. The arma- 
ture power of a d-c 
motor is supplied by 
a grid controlled 
rectifier. The field 
is excited by a 
steady d-c source 


A-C 
SOURCE 
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continuous from one pulse to another. 
Figure 2 shows an example of discontinu- 
ous current flow in the armature; Figure 
7 shows an example of continuous flow in — 
the field. The situation where the flow is — 
discontinuous is the more typical for the 
armature circuit and is discussed first. 

The analysis that follows is based on the 
assumption that the generated counter 
electromotive force of the motor does not 
change a significant amount within any 
one cycle. The instantaneous torque 
changes radically within a particular 
cycle, but the polar moment of inertia of 
the rotor in the great majority of cases is 
so large that the speed can be considered 
constant within one particular cycle. 

Equation 1 is the differential equation 
for the d-c motor relating the armature 
current to the applied voltage during that 
part of the cycle while one of the tubes 
allows current to flow. 


e=Em sin (ot-+ 8) = Las +1Rat Ey (1) 


where tube breakdown is at time equal to 
zero, Ly is the combined inductance of the 
armature of the motor and leakage in- 
ductance of the source transformer, Ry 
is the total resistance of the same circuit, 
Ey is the sum of the motor counter elec- 
tromotive force and the tube drop (2, is 
assumed constant within any one cycle), 7 
is the instantaneous value of the arma- 
ture current, and 6 is the angle of tube 
breakdown. 

Figure 2 is an oscillogram of armature 
voltage and current for a typical case 
where a controlled rectifier is supplying 
armature power. From common circuit 
theory we know the particular integral 
part of the solution to equation 1, and we 
also know the form of the complimentary 
function, so that we are able to write 


GRID 
CONTROL 
CIRCUIT 


\THYRATRON 
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Figure 2. Armature voltage, v(t), and arma- 
ture current, i(t), for a d-c, shunt, 3/4-horse- 
power 115-volt 7-ampere motor with a con- 
trolled rectifier at the armature and steady d-c 


excitation. Discontinuous conduction as 
shown by the current wave. Relatively flat 
portion of the voltage wave shows the motor 
counter electromotive while the current is zero 


wt 


Rye Ey er! 
P=] tz sin (wtt+b+oa)+Ce Ta (2) 


Ra 


where 


VE a aes 
@,=—tan-Ty,T2 =—* Za Ny Re 


a 


and C is the arbitrary constant. Because 
the current is zero at time equal to zero, 
we may evaluate the arbitrary constant. 
Equation 2 now becomes 


(cot 8 +6,) + 


Nir 9 
ERE, et 
(Go sin (a0) ) Ta (3) 


Equation 3 is the equation of the armature 
current for 0 Z wt Z y where y is the angle 
at which the current returns to zero and 
the tube ‘‘cuts off’. Significant informa- 
tion is obtained by equating the right- 
hand side of equation 3 to zero when 
wt is y. 


Enf . eee 
sis (8+Oat+ty7)—e Ta sin (8+6.) )+ 
a 


Eel mays 1 \ 20 (4) 
ERY bea, ea 


From equation 4 comes equation 5. 


E 
a cos Og X 


= 
sin (8B+0a+7)—« Ta sin (B+62) 


eas 
l—e Ta 


(5) 


where S; is the speed factor and is a 
measure of the act1al motor speed as is in- 
dicated in equation 6. In equation 6, S is 
the motor speed in radians per second, and 
K, is the speed constant of the motor 
that gives the generated volts per radian 
per second of speed. 
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ae 


S (6) 

Because T', in equation 5 is equal to 
—tan 0,, S; is fixed exclusively by three 
angles: 6, 6,, and y. Or it may be more 
proper to say that for a given motor, a 
given speed factor, and a given break- 
down angle, the cut-off angle, y, is fixed. 

Another equation in addition to equa- 
tion 5 is needed in order to predict the per- 
formance of the motor. Useful informa- 
tion comes from dividing equation 1 
through by the factor 7 and integrating 
between the limits of zero and y. 


1 ‘i ; La 
of: Em sim (wt + B)d( wt) =— x 
us 


™/0 
Vai Y td(wt) 
—d(wt)+ Ra at 
0 dt 0 T 


The first term on the right-hand side of 
the equation reduces to zero as shown. 


Y di oe 
—d(wt)=w di= 0 
o a 0 


The second term on the right-hand side of 
equation 7 yields the average value of the 
armature current such that 


Em E 

— (cos B— cos (8+y7))=IRat sul (8) 
a Tv 

Or 

Ty= cos B— cos(B+~7)— Sry (9) 


where 7,, the torque factor, is given by 


= TRar 
=e 


Ty (10) 
From equations 5 and 9 one can predict 
the curves of speed factor against torque 
factor or speed against average armature 
current for various values of the con- 
trolled angle of breakdown, 8. Puch- 
lowski and Vedder!” chose to solve an 
equation of the type of equation 5 for the 
cut-off angle) y by a combination of 
graphics and successive approximations 
after the angle 8 and the speed factor had 
been selected. These graphics and suc- 
cessive approximation methods seem 
unnecessary for many purposes. One 
may consider equations 5 and 9 as the 
parametric equations relating S; to Ty; 
through the parameter y. In order to 
compute one point on the curve of speed 
against average armature current for a 
given value of breakdown angle, arbi- 
trarily select the cut-off angle. From this 
selection, through the use of equation 5, 
one can compute the corresponding value 
of the speed factor, Sy. Then the cor- 


responding torque factor 7; is computed 
by the use of equation 9 to yield the co- 
ordinates for one point on curve of speed 
factor against torque factor. 

A particular numerical example of this 
type of computation is here illustrated. 
This computation is based on data on the 
particular motor: 3/4 horsepower, 115 
volts, shunt, 3,100-900 rpm. The closed 
armature circuit had the following con- 
stants: R,=7.9 ohms, wLl,=20.6 ohms, 
Zq=22 ohms, and 6,=69 degrees. The 
applied voltage was such that: H,,=318 
volts and B=90 degrees. The motor ex- 
citation was set such that the motor 
generated a counter electromotive force 
of 5.07 X 10~* volts per unit of rpm. The 
tube drop was found to be 12 volts. By 
selecting y ag 122 degrees, the speed 
factor is computed through the use of 
equation 5 to be 2.82 XK 107! and the 
speed, 1,530 rpm. Equation 9 gives 
T;=2.43X1071, and in turn, [g,=3.09 
amperes. The speed of 1,530 rpm and the 
current of 3.09 amperes are the co-ordi- 
nates of one point on curve B of Figure 3. 
An adjacent point on the same curve may 
be computed by selecting a modified 
value of the cut-off angle, y. 

Figure 3 shows a family of curves that 
give the relationship of speed to average 
armature current for various conditions. 
The circular points plotted on this figure 
were calculated as illustrated in the pre- 
ceding paragraph, and the cross points 
were observed directly by running the 
motor under load to measure the speed 
and current directly. These plotted 
points show a rather close correspondence 
between computed and observed data. 
Figure 4 represents the same type of 
plotted data but in a different co-ordinate 
system. 


BOUNDARIES BETWEEN REGIONS OF 
CONTINUOUS CURRENT AND 
DISCONTINUOUS CURRENT, BETWEEN 
REGIONS OF CONTROL, AND NOCONTROL 


Figure 4 shows three regions: A dis- 
continueus current flow, B continuous 
current flow, and C region of no control. 
The previous analysis is applicable only to 
the case where the armature current flow 
is discontinuous (y <7). The boundary 
between regions A and B is found by 
examining equation 5 when y is allowed 
to approach the limiting value of 7. 


ij —7/Ta 
Sp=— cos 6g sin (B+6,) aa 


€ 
Sepa Ga) 
The boundary between the regions of 
control and no control is fixed by the fact 
that the tube cannot conduct unless the 
a-c applied voltage is equal to or greater 
than &,. This fact leads us to equation 12 
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ARMATURE CURRENT - AMPS 


Figure 3. Curves showing measured and com- 
puted values of speed as a function of average 
value of armature current. Circular points 
show computed values; cross points show 
measured values. Curves for three different 
breakdown angles, 3: A for §=108 degrees, 
B for 6 =90 degrees, and C for 3 = 70 degrees. 
Peak value of a-c applied voltage was 318 
volts. Same motor as caption of Figure 2 


which defines the boundary between the 
regions of control and no control, 


Sy= sin (12) 


When equations 11 and 12 are plotted 
on one set of co-ordinates, these various 
regions are defined as shown in Figure 5, 
The two sine functions that define the 


ee 
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Figure 4. Curves showing how the breakdown 
angle, 6, must be adjusted as a function of 
average value of the armature current in order 
to keep the speed constant. A different co- 
ordinate system of the data of Figure 3 
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boundaries between these various regions 
of control are fixed exclusively by the 
angle 6, as shown in equations 11 and 12. 


Srpapy State CONTINUOUS CONDUCTION 


rc 


Figure 5 illustrates the fact that the 
speed factor and the control angle may be 
of such a combination that the current 
flow will not go to zero but will continue to 
flow in one tube until the next tube is al- 
lowed to conduct so that the flow is con- 
tinuous. It is assumed in this discussion 
that the time required for the current to 
commutate from one tube to the other is 
negligible. 

Equation 1 is still applicable, and it is 
significant to integrate this equation be- 
tween the limits of zero and 7. 


E Uh La ™di 
=e sin (wt+-B)d(wt) = at d(wt)+ 
t Jo T Jo dt 
er Ey (13) 
0 ay 


In the steady-state condition, the in- 
tegral involving the time rate of change of 
current reduces to zero because the cur- 
rent at time equal to zero is equal to the 
current at the end of the cycle. 


T di War) 
— dana f di=0 
9 dt 1(0) 


out of equation 13 and the indicated 
operation, comes an expression that re- 
lates the speed and torque factors where 
these terms are as previously defined. 


(14) 


Ty=2 cos B—mSy (15) 
Equation 15 yields a family of torque 
factor against speed factor curves that are 
straight parallel lines. 
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Figure 5. Cross hatched areas show region 


where grid control of armature current is pos- — 
sible. In one of these regions, the current flow — 


is continuous, in the other the flow is discon- 


tinuous. D is defined by equation 11 of the — | 


text 


TRANSIENT DISCONTINUOUS CONDUCTION 


It is significant to determine the transi- 
ent response of the armature current toa 
sudden displacement of the control angle, 
B. In the case where the armature cur-— 
rent is discontinuous, there is no delaying — 
effect of the armature inductance upon — 


the armature current response, because in 
each cycle the armature current must 
start at zero andend at zero. The current 
as a function of time in any one cycle is 
completely independent of the previous 
cycle assuming speed is constant and the 
flow discontinuous. However, since the 


effect of a change in the control angle is — 


felt only at the beginning of a current — 


cycle, there is an inherent maximum pos- 
sible time delay of one-half of one cycle of 
the applied a-c power. This delay, how- 
ever, is due to the discontinuous nature 
of the method of control, is independent 
of the inductive time constant of the 
armature circuit, and is assumed neg- 
ligible throughout this discussion. The 
oscillogram of Figure 6 shows the sudden 
response of the armature current to a 
sudden displacement of the control 
angle. 
SERVOMECHANISM CONSTANTS FOR 

DISCONTINUOUS CONDUCTION | 


The d-c motor and controlled rectifier 
combination is used as the prime mover in 
some of the automatic, closed loop, speed 
control systems. It is the objective of this 
section to present an analysis of the motor 
and rectifier combination of this type of 
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Figure 6. Oscillogram showing transient 
armature current and voltage with a grid- 
controlled rectifier at the armature and with 
steady d-c excitation. The control angle, 8, 
is suddenly changed from approximately 110 
degrees to approximately 80 degrees. Ad- 
jacent current pulses are dissimilar because of 
dissimilar characteristics of the two tubes in 
the rectifier 


speed servo system where it is desired to 
regulate the speed to a constant value. 


The approach is very similar to the one 
used in vacuum tube analysis where the 
tube parameters are considered constant 
about a given operating point, and the 
instantaneous departures of the driving 
force and response quantities are suff- 
ciently small such that significant param- 
eters can be assumed constant. 

Let the operating point be fixed by the 
combination of 8, So, and Zo, where the 
control angle, 8o, produces a steady state 
torque, To, at a steady state speed, Sv. 
The effect of a small change of the control 
angle, AB, upon the change of speed, AS, 


- is now considered. 


The torque required by the load over 
and above that required to accelerate the 
moment of inertia, J, is represented by 
T,, and is given by equation 16. 


oT, 
Ty, =T,+ — 
oA 9 << 


(16) 
It is assumed, of course, that the change 
of speed is small enough such that T; as a 
function of speed in the region of the 
Operating point may be considered as a 
straight line. As has been shown, the 
developed torque, 7, is a function of both 
Band S. This leads us to equation 17. 

oT 


oT 
T=T)+—A ——— 
ot 5S Sap B 


DB (17) 


By equating the total torque required by 
the load (including that required for 
acceleration) to the developed torque, 
equation 18 results. 


7h 29), (2t 2%) or 


AS=— AB 


a8 (18) 


dl OSs 70S) 
The partial, O7,/OS is fixed exclusively 
by the nature of the load and the other 
two partials are fixed by the character- 


istics of the rectifier motor combination. 
The partials, O7/O0S and OT /08, could 
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be determined directly by graphical 
methods from families of curves such as 
those of Figures 3 and 4 wherever the 
proper families of curves were available. 
It is more direct to determine these 
partials through the use of some explicit 
expressions for them. The development 
of these expressions follow. 

Equations 5 and 9 were developed from 
the steady state point of view but are ap- 
plicable to the transient case (@ is vari- 
able) as well, because there is no delay in 
armature current response to a change in 
8. We may find the partial of the torque 
factor in respect to the speed factor by the 
use of equation 9. One must remember, 
however, that y is a function of both the 
speed factor and 6. 
OTy Oy 


ae ne A BEY) oy) 


19 
dSy Sy Saat 


where 2 is constant. In order to evaluate 
the partial of y in respect to S;, we use 
equation 5. 


oy tenet 


OSy 
cos af cos (B+0a+y)+ 


e—v/Ta 


= ; +6q) ihe 
| sia (Ata cos 6 


where £ is constant. 

The combination of equations 19 and 
20 can be used to determine the factor, 
OT,/OS;, after choosing the angles 8, y, 
and S; corresponding to the desired oper- 
ating point. 

The partial of torque factor in respect 
the control angle can be determined by 
taking the partial of 7; in respect to 6 
from equation 9 and the partial of y in re- 
spect to 8 from equation 5. 
oT; 


eye — sin e+ sin (6+7)+ 


fo) 
(sin (B+) She (21) 


where S; is constant. 


Ores e—¥/T4 bos (8+0,)— cos (B+6a+y7) ; 
OB cos (B+0a+y)+ 


evi Le , Sy ) 
T, (sin (8+) cos 04 


(22) 


where S; is constant. 

The combination of equations 21 and 
22 can be used to determine the factor 
OT ,/0B. In order to convert the partials 
of Ty in respect to S; and B, to the corre- 
sponding partials of Tin respect to S; and 
B, we use equations 6, 10, and 23. 


T=Kil (23) 
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where K, is another excitation constant 
equal to pound-feet of torque per ampere 
of armature current. 


Saunas: 

and 

OF _KiEm oT, hes 
og Rr Oop6 


A numerical computation of a value of 
OT/OS and of OT/OB seems significant. 

Out of the same data that was used as 
the previous numerical illustration, comes 
the operating point: @=1.57 radians 
(90 degrees); y=2.13 radians (122 de- 
grees); and S;=2.82X107! (1,528 rpm). 
When these data are inserted into equa- 
tions 19 to 22 inclusive, it is found that 


oft. 0.68 
dS; = 6 
and 

ar, 

—t = —0.40 
op 


From equations 24 and 25, values of 
O7/OS and OT/0£ are found as shown be- 


low. 


Soe ee 
OS radians per second 
or _K,X512 pound-feet 

op radians 


As was previously mentioned, the 
values of these partials can be determined 
directly from families of curves of the 
type plotted in Figures 3 and 4. When 
the slope of the 8=90 degrees curve is 
taken at 1,528 rpm, the value of 07/O0S 
is found to be as indicated below. 
oT 


—=—K;X1.29X10-? 
OS ‘ radians per second 


pound-feet 


In a similar manner by taking the slope 
of the 1,528 rpm curve of Figure 4 at 


Figure 7. Oscillogram of steady-state field 

voltage, e(t), and field current, (it), with con- 

trolled rectifier at the field and with a steady 

d-c source at the armature. The current shows 

continuous conduction with a rather large 

average value compared to the ripple com- 
ponent 


B=90 degrees, the following value for 
OT/O6 is found. 
oT pound-feet 


a8 Bee SN radians 


In the preceding paragraphs, these two 
servo constants in the form of partial de- 
rivatives have been determined by two 
different approaches, and a reasonable 
correlation between the results from the 
two different approaches is indicated. 
For most purposes, the direct approach 
through the use of formulas 19 to 25 in- 
clusive seems the more desirable. 

The servo coefficients appearing as 
partial derivatives in equation 18 are 
functions of the variables, S and 8. 
However, over a limited range of opera- 
tion one may assume for practical pur- 
poses that they are constant. It is not 
the purpose of this paper to present an 
analysis of errors introduced when these 
coefficients are assumed constant and 
the system is operated with large varia- 
tionsin Band S. Certainly the treatment 
of these coefficients as constants, for 
many purposes, yields an adequate tool 
for servomechanism synthesis. 


SERVOMECHANISM TRANSFER FUNCTION 
FOR DISCONTINUOUS CONDUCTION 


Equation 18 is rewritten in terms of S 
and 6 as shown in equation 26. It is 
understood that each of these variables, 
Sand 8, represent a small variation above 
or below the corresponding operating 
point value. 


aS, (oT, _2T or 
di aS Os eal 


: (26) 

By substituting jw for the operator 
d/dt in equation 26, equation 27 gives the 
transfer function in the angular velocity 
domain. 


Sars 

sakoTeor we, (27) 
es Sey | 
as as 


In equation 27, S and B are the 
complex sinusoidal values of speed and 
control angle respectively, and w is the 
angular velocity of the sinusoidal varia- 
tion in both S and 6. Equation 27 
gives the complex ratio of the response 
of the system, S$ to the complex driving 
force, 8. This ratio is useful in predict- 
ing the performance of any closed loop 
control system that uses the rectifier- 
motor as the prime mover. 


SERVOMECHANISM TRANSFER FUNCTION 
FOR CONTINUOUS CONDUCTION 


The transfer function between the con- 
trol angle and the motor speed when the 
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Figure 8. Oscillogram show- 
ing transient field current and 
voltage with a grid-controlled 
rectifier at the field and with a / 
steady d-c voltage at the arma- 
ture. The control angle is 
suddenly changed from approx- 
imately 80 degrees to approx- 
imately 20 degrees 


controlled rectifier supplies armature 
current that is continuous is not specifi- 
cally developed here. However, all of the 
basic concepts relative to this problem are 
outlined within the bounds of this paper. 
The situation of continuous current in the 
armature is quite parallel to the one where 
the controlled rectifier supplies the field 
excitation to control the speed of the 
motor and the current flow in the field is 
continuous. The analysis of the transfer 
function for field control with continuous 
flow of current is detailed in the remaining 
part of this paper and can be modified 
rather simply to apply to the armature 
circuit. Equation 15 or its equivalent 
plus some concepts basic to the develop- 
ment of equation 44 enter into the de- 
velopment of the transfer function for 
continuous current conduction in the 
armature circuit. 


Controlled Excitation Supplied by 
Rectifier 


Where a limited range of control is 
needed in a closed loop system, it may be 
more economical to control the speed 
through the field excitation rather than 
through the armature power. In the 
following paragraphs an analysis is made 
of the operation of the d-c motor where 
the field excitation is supplied and con- 
trolled by a grid controlled rectifier and 
the armature power is supplied by a con- 
stant d-c voltage source. As was the case 
of the rectifier at the armature, the circuit 
parameters are assumed to be constant. 


STEADY STATE CONTINUOUS CONDUCTION 
OF FIELD CURRENT 


With a controlled rectifier supplying 
the field excitation, the current flow in the 
field may be continuous or discontinuous, 
but the case of continuous current flow is 
much more important, for the average 
value of the field current is too small to be 
practical for most cases when the flow is 
discontinuous. A typical steady state 
situation is shown in the oscillogram of 
Figure 7. It should be noted that the a-c 
component of the field current is con- 
siderably smaller than the average value. 
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When the current flow is continuous, 
the field current commutates from one 
tube to the other over a finite period of 
time depending on the leakage reactance 


of the supply transformer. In _ this 
analysis, this commutating time is neg- 
lected; Figure 7 shows it to be small com- 
pared to a period of the current wave. 

Equation 28 is the differential equation — 
of the field current, and equation 29 is the 
solution to equation 28, 


e 
Em sin («t+ 8) =Ly = +iRy + Et (28) 
l 
Et Em . pects 
=——+ sin (wt+B+6;)+Ce Tr (29) 

Rye 


Of course, the constants Ry, Ly, Z,, Py, and 
6; are now the parameters of the closed 
field circuit including the supply trans- 
former, whereas, similar symbols applied 
to the closed armature circuit in the same 
manner in the previous parts of this dis- _ 
cussion. The symbol £, is the tube drop. 
After the circuit has reached a steady- 
state condition such that each current 
cycle repeats the previous one, we know 
that the current at the beginning of any 
cycle is equal to the current at the end of 
the same cycle (a,=7). This allows one 
to evaluate the arbitrary constant, C. 


—2Em sin (8 +6) 
x ZAvee F/T Ty 


(30) 


Equation 31 results from the combination 
of equations 29 and 30, and gives the field 
current in any one cycle for steady state 
conditions and for continuous flow. 
i= Sua eut sin (wi+6+6;)— 
Ry Zy 
2Emsin (B+6y) -= 


Zf1—e —/TS) © oe 


There is special significance in the 
average value of the field current, and this 
average value can be obtained more 
readily by integrating equation 28 than 
by integrating equation 29. The indi- 
cated integration of equation 32 leads one 
to equation 33. 


Em i(n) 
pa sin (wt+)d(wt) = es di+ 
0 


T Tv i(0) 


RA+E, (32) 
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In equation 33 is found a rather simple 
relationship between the value of the con- 
trol angle and the average value of the 
field current, J. It should be remembered, 
however, that this equation is only ap- 
plicable to values of control angle, 8, that 
yield continuous current flow. 

In order to find that critical value of 6 
that separates the region of continuous 
flow from the region of discontinuous 
flow, it is only necessary to set the value of 
the current in equation 31 to zero at 
wt=0; equation 34 follows. 


=a A Oh pe 
B= —0;+ fee (s0 ao} (34) 
RrEm e /TF 44 i 


For many field circuits, I’, is considerably 
greater than 7. It is not difficult to show 
that as the ratio, I'y/7, approaches in- 
finity, equation 34 reduces to equation 
35. 


wy 


2Em 


Be= —Os— sin! (35) 
Furthermore, £,, will be, for many cases, 
more than twenty times the magnitude 
of E, making 8, approximately equal to 
the negative of 0;. For the motor relative 
to which numerical data has previously 
been applied in this paper, I',/m is ap- 
proximately equal to 8.0; £,,, 318 volts; 
and #,, 12 volts. Using this data in 
equation 34, 8, is calculated as follows: 


Bc =87.7°—sin~! 0.058=84.3° 


When £, is computed by the use of equa- 
tion 35, using this same data, there is no 
slide-rule difference between the two 
results. For this particular example, the 
current flow will be continuous when 
0<6< 84.3 degrees, and equation 33 is ap- 
plicable in this range only. For 6 greater 
than 6,, the flow is discontinuous. The 
corresponding formulas developed for dis- 
continuous flow in the armature circuit 
are applicable to the field circuit where 
£, is equal to #,, a constant. 


TRANSIENT CONTINUOUS CONDUCTION OF 
FIELD CURRENT 


It seems significant to analyze the 
proposition where the driving force, f, is 
_ suddenly changed from one value, {, to 
- another value, 62. This condition is illus- 
trated in the oscillogram of Figure 8 
_ Where 8 is suddenly decreased from ap- 
_ proximately 80 degrees to approximately 
20 degrees. One should note that the 
_ current rises in a delayed manner in con- 
_ trast to the sudden rise of current when 
_ the flow is discontinuous. It is now in- 
_ tended to make an analysis of this rise. 
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Immediately atter the control angle 
has been changed from 6; to Be, the total 
voltage applied to the field circuit, ¢, 
can be written as shown in equation 36. 
2Em cos Be 


(i a +ea-c(t)2 (36) 
In equation 36, €a_c(#)2 has the meaning 
of the total applied voltage less the aver- 


age or d-c value, 
2Em Cos By 


Tv 


It is important to think of e,_,(t)2 as the 
equation of the a-c component of the ap- 
plied voltage over an indefinite number of 
cycles and not restricted to just one cycle. 
From this point of view, the differential 
equation of the current in the field circuit 
is as shown in equation 37. 


2Em cos B: i fipons 
ee + eaiclthe= E:+Ly atike (37) 


The solution to equation 37 can be written 
as equation 38. 


E; wt 


OR. cag Bi _at 
Hes ee A ig-c(to+ Ce Tr (38) 
Sf 


Rew 


In equation 38, t¢-c(t)2 has the meaning 
of the steady-state component of current 
due to e,.-(f)2 alone. It is not necessary 
to determine this a-c component of cur- 
rent, since it has no significant effect upon 
the speed of the motor. The symbol 
Zqc(t)2 represents the equation of the 
ripple component of the field current. 

In order to find the arbitrary constant, 
one may make use of the facts that the 
total current has reached a steady state 
while the control angle is still equal to (i 
and that the current is unchanged im- 
mediately after the control angle changes 
to the new value, 6». 


2Em cos Bi E4 


U0) = Rye By eh =H 


PAD cos Bo Ey 
= Fg (0 +C (39 
Rea pe (O)e+ ) 


From equation 39, the value of the arbi- 
trary constant is found as shown in equa- 
tion 40. 


2Em 
Care (cos Bi— cos Be)+ta-c(0)i —ta-c(0)o 


fu 
(40) 
The a-c component of the current is not 
significant to the problem, so when it is 


dropped from equation 38 and equation 
40 is used, equation 41 follows. 


E 2Em 
I(t)= | cos Bo+(cos Bi— 


wt 


wt 
~ cos pe Fs | + (tq-c(0)1— ta-c(O)e)e TF 
(41) 
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In equation 41, /(f) represents the equa- 
tion of the current less the a-c component. 
It is significant to note that this transient 
d-c current changes suddenly at time 
equal to zero because of the difference 
between the two a-c components evalu- 
ated at time equal to zero. Each of the 
two currents, Z¢--(0); and t<(0)2 can 
be found by the use of equations 31, 
33, and 42 where 2(0) is the value of 
current at time equal to zero from equa- 
tion 31. 


4q-(0) =1(0) —I(0) (42) 


When 6, is equal to 70 degrees and 
B2 is equal to 20 degrees and the other 
previously applied numerical data are sub- 
stituted in equation 42, it is found that: 
1q-c(0)1—ta-c(O)2= —2.4/Ry and that q, 
—I,=—122/R. For this example, it is 
seen that the exponential term in equa- 
tion 41 due to the difference between a-c 
components is negligible compared to the 
exponential term due to the difference 
between d-c components. Wherever the 
first exponential term can be neglected, 
equation 41 simplifies to equation 43. 


1B BA: 
I(t)= — +A cos B2+(cos Bi— cos Br) X 
i Plapt oe 
at 
a7 (43) 


Equation 43 is the solution to equation 
44, the differential equation that relates, 
the average value of the field current to 
the driving force, B. 


dI(t) 


QE. 
wan S08 E — By= Ly + R(t) (44) 


qT 


Equation 44 might be considered as a 
good approximation whenever the a-c 
component of the field current is small 
compared to the d-c component. 

In the case where the breakdown 
angle, 8, is controlled by a d-c grid signal, 
E,, that is superimpressed upon an a-c 
grid signal that is in turn displaced 90 
degrees from the a-c anode voltage, and 
the tube is assumed to breakdown when 
the net grid voltage is equal to zero, then 
E,=Emg cos B where Eng is the maximum 
value of a-c component of the grid signal. 
Under these assumptions, equation 44 
yields the sinusoidal transfer function of 
the field circuit as shown in equation 45. 


= (45) 
E, tEmg(Re+jwLy) 


TRANSFER FUNCTION WITH CONTINUOUS 
CONDUCTION 


It is the purpose of this section to find 
the approximate linear transfer function 
of the d-c motor and controlled rectifier 
combination when the rectifier controls 
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the field excitation to control the motor 
speed. The situation is analyzed wherein 
the change of driving force and response 
are small variations about a fixed operat- 
ing point. 

dIq 


V=E,+IqgRat+Lla— 


Zi (46) 


where V is the applied armature voltage, 
E, is the motor generated voltage, J, is the 
armature current, J; is the field current, 
and other terms are as previously de- 


fined. Since V is constant, equation 47 
comes from equation 46. 

d( Al, 
AE, + Ry Ala+La St) <9 (47) 


Using other previously defined nomen- 
clature, equations 48 to 50 can be writ- 
ten. 


OE, OE, 
IN By =e NG AN 48 
I= 35 SE f (48) 
AE ey a OTT (49) 
Set Me me 
een Car. 50) 
he OS ee) 


By proper elimination of variables among 
equations 47 to 50 inclusive and by chang- 
ing from the time to the frequency do- 
main, equation 51 is developed. 


p of af hy. oF 

Ss Ole OLNOlp oat OT) 

Lan fore oT OE, 
mata \( Ry jolene 
(e +jw ) atju ator aS 


(51) 


Upon examining each one of the partial 


derivatives in equation 51, one would ex- 
pect each to be rather constant over a 
limited range of operation with the pos- 
sible exception of OT/OJ;. This partial 
derivative is proportional to J,, and I, 
will normally make a rather large change 
for a relatively small change in the field 
current. Of course, it should be remem- 
bered that equation 51 is applicable in the 
strictest sense only when the variations 
about the operating point are infinites- 
imally small. Thus equation 51 is a 
linear differential equation giving the re- 
lationship of the speed of the motor to the 
field current accurate only for small varia- 
tions in the significant variables. 

When J, is eliminated between equa- 
tions 45 and 51, equation 52 follows. 


°F, | R or eG ie or] 
SL Sy eOnoie marel, 


a or 
tEmg( Ry +joLy) [( ac tie) x 


oT dE, 
aty La Sas 
(Ratjw es Z| 


(52) 


Equation 52 is the transfer function be- 
tween the d-c control voltage, the driving 
force and the motor speed, the response, 
when the controlled rectifier controls the 
field excitation and a constant voltage is 
applied to the armature circuit. In order 
to avoid nonlinearities, a number of ap- 
proximations have been made in the de- 
velopment of this equation as are dis- 
cussed in the body of the text. Equation 
52 should be considered as the small signal 
transfer function and therefore can be 


vy 


used as a guide in synthesizing a servo 
system using the d-c motor with con- 
trolled excitation to achieve speed con- 


trol. 


Conclusion 


Steady state and transient charac- 


teristics of the controlled rectifier and d-c 


motor combination have been analyzed 


for both armature and field control. 


Consideration of some of these charac-— 
teristics lead to two different servomech- 
anism transfer functions in the frequency 
Approximations were made in 


domain. 


the analysis such that the pertinent dif- 


ferential equations were linear. 


The transfer function for the case of ; 


continuous current in the armature circuit 


may have more practical significance than 


is suggested by this paper. The analysis ; 
of this case was eliminated from this — 


paper for the sake of brevity. 
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Audio Noise of Power Transformers 
in Residential Areas 


ARMAND V. LAMBERT 


ASSOCIATE MEMBER AIEE 


EAVY load growth and economics 
necessitate the construction of large 
outdoor substations close to load centers. 
This brings humming electric equipment 
near dwellings and makes people more 
noise conscious. At the same time, man- 
ufacturers endeavor to build smaller and 
more economical transformers by using 
oriented cold rolled steel. Although the 
magnetostriction of this steel is less for a 
given flux density than that of the hot 
rolled steel, economics dictates the adop- 
tion of higher densities thereby offsetting 
the magnetostrictive advantages. Mag- 
netostriction is the minute elongation of 
thesteel when submitted tomagnetization. 
It is recognized as the main source of trans- 
former noise. The vibrations of the core 
set up by the 60 cycles per second (cps) al- 
ternating flux produce an audio noise com- 
posed of a fundamental frequency of 120 
cps and its harmonics 240, 360, 480, 600 
eps, ... The noise spectrum is the repre- 
sentation of these frequencies with their 
relative intensities. The subject of trans- 
former noise deals mainly with the fre- 
quencies below 600 cps. For most power 
transformers, 120, 240, and 360 eps are 
found to be predominant. Any means 
that will reduce the magnetostriction or 
the intensity of the audio frequencies will 
bring us nearer a satisfactory solution. 
The purpose of this paper is to trace 
some of the many and varied engineering 
aspects of the transformer noise problem 
and to present a few suggestions which 
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might be beneficial to both the power 
engineer and the manufacturer. 

It is suggested that the references 
mentioned at the end of this paper be 
read if more specific information is de- 
sired. 


Corrective Measures 


Briefly, the present means that could 
be used to attenuate the noise around 
distribution substations may be grouped 
as follows: 


INSIDE AND ON THE POWER TRANSFORMER 
The Core 


1. Use of special steel with little magneto- 
striction. 


2. Reduce flux density to retain the ad- 
vantages of low magnetostriction steel. 


3. Careful design and construction of the 
core and coils to avoid resonances and 
vibration of parts. 


Between the Core and the Tank Walls 


1. Insulating the core from the tank by 
paddings to avoid the transmission of vibra- 
tions to the tank walls. 


2. Use of acoustical impedances or noise 
barriers in the oil. 


The Tank 


1. Design and build tank to avoid reso- 
nanices, 


2. Sound insulation of the tank. 


Fittings and Auxiliaries 

1. Mount them on resilient cushions and 
avoid resonances. 

OUTSIDE THE POWER TRANSFORMER 


1. Building sound barriers or enclosure 
around the transformer. 


2. Adequate distance between the trans- 
former and the nearest dwelling. 
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At the present time, there is not one 
satisfactory general solution. According 
to the importance of a noise problem, one 
or a combination of the means enumerated 
above can be applied. Economics, then, 
determines the solution to be adopted, as 
Mr. Fahnoe! wrote in 1942: 

“Transformer noise is troublesome in 
relatively few cases, but none lend them- 
selves to a general solution. Each is an 
economic problem, to balance the addi- 
tional cost of a quiet transformer against 
the cost of providing a suitable enclosure 
or locating the transformer far enough 
away for the noise not to be objection- 
able.”’ 

The only thing that has changed in this 
statement is that the number of cases of 
transformer noise complaints have in- 
creased. Thus, each case should be 
studied individually and the most ade- 
quate solution, for noise and economics, 
should be adopted. A lower noise level 
transformer obtained by reducing the flux 
densities in the core requires more iron, 
more copper, more insulation, a larger 
tank, and more oil. This results in an in- 
crease in cost sometimes as high as 25 per 
cent for a noise reduction which cannot 
be, in most cases, accurately determined 
because of some unexplained behavior of 
the cold rolled steel. The hot rolled steel, 
however, lends itself to more accurate and 
predictable noise reduction. It is realized 
that the cost of all transformers should 
not be increased in order to obtain the low 
noise level required for special installa- 
tions. This indicates some of the prob- 
lems involved in adopting new noise level 
standards. On the other hand, there 
might be some possibilities of noise re- 
duction in the transformer itself, without 
excessive increase of the cost. They will 
be reviewed at the end of this paper. 


Suggestions for the Utility Engineers 


When complaints arise about an ex- 
isting substation, the utility engineer has 
a choice of two solutions: Replace the 
existing transformer with a quieter one, 
or, build an enclosure. When he is plan- 
ning to build a new substation, he has 
one more solution: install it on a large lot. 
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Figure 1. Equal noise level curves in a hori- 
zontal plane at 1-foot clevation around a 
3,000-kva 57-12.5-ky 3-phase transformer 


In both cases, the problem is one of 
economics; technically, it can be con- 
densed in three questions: 


1. What should be the nonobjectionable 
noise level at the nearest dwelling? 


2. What should be the minimum distance 
between the transformer and the nearest 
dwelling to obtain the nonobjectionable 
noise level? 


3. What should be the noise level around 
the transformer? 
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NONOBJECTIONABLE NoIse LEVEL 


In the present state of the art, there are 
two things that can be measured in a 
noise: 


1. The total noise level expressed in deci- 
bels as measured by the noise level meter. 


2. The frequency spectrum, which repre- 
sents the relative intensity of all the fre- 
quencies contained in a complex noise, 
traced by means of a frequency analyzer. 


To be comparable, two noises must 
have the same level and a similar fre- 
quency spectrum. Consequently, the 
noise at the dwelling would be nonobjec- 
tionable if it had the same level and fre- 
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quency spectrum as a reference noise 
considered to be nonobjectionable. Such 
comparison would certainly be difficult to 
make for many reasons, the major one 
being the determination of a standard 
nonobjectionable noise, since it is well 
known. that the same noise may have 
various effects on different individuals. 


The following procedure is suggested to 


determine whether a noise is nonobjec- 
tionable. Since transformer noise is most 


troublesome at night, the ambient noise — 


level and the harmonic index should be 
measured after all traffic has ceased and at 
a point far enough away from the substa- 
tion so that the transformer hum is not 
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udible. The noise level measured with 
he A (or 40 decibels) weighting of the 
toise meter would give the total ambient 
aoise level in decibels (NEMA Standards 
or transformer noise are given for weight- 
ng A). The harmonic? index (i;= DB) 
dat —D Bx would be an indication only of 
the frequencies contained in the noise. 
‘Any noise that would have the same level 
in the same harmonic index as the one 
measured could be considered as nonob- 
jectionable. The advantages of such pro- 
cedure are twofold: measurements are 
ept to a minimum and only require a 
noise level meter. When a new substation 
has to be built, the level in decibels on 
weighting A and the fh, could thus be 
measured at the nearest dwelling before 
the construction starts. These two figures 
would be the references that the engineer 
would attempt to maintain. Needless to 
say that, with our present means, this 
would be a difficult, if not impossible 
task, especially in a quiet residential sec- 
tion. However, these references could 
serve as an accepted guide. As an ex- 
ample of the noise level in a quiet subur- 
ban area, an ambient as low as 26 dec- 
ibels has been measured. 


In order to find data for questions 2 and 
3, field readings were taken around one 3- 
phase 3,000-kva 57—12.5-kv transformer 
remote from all buildings that could re- 
flect the sound. Curves of equal noise 
level in horizontal planes were traced 
around the transformer at 1-foot, 6-foot, 
and 16-foot elevations. Figure 1 shows 
these curves for a 1-foot elevation. The 
odd shape of the noise level pattern ob- 
tained is caused by the transformer itself 
and the sound reflection from the control 
house, the circuit breakers, and the 
structure. Patterns traced for 6-foot and 
16-foot elevations were similar. It is in- 
teresting to notice that the noise level 
decreases less rapidly in the direction 
perpendicular to the side of the trans- 
former without radiators or expansion. 
tank. The dampening effect of the 
radiators and expansion tank on the right- 
hand side is apparent. Such a pattern, 
if available, could help in locating the 
transformer and the equipment in a sub- 
station with respect to neighboring 
dwellings. 


Curves of equal noise level in vertical 
planes also were traced with the data from 
the preceding curves. The general pat- 
fern was as shown in Figure 4. Near the 
transformer, the noise level was much 
nigher at 1 foot than at 16 feet. This 
might be explained by the fact that the 
sore rests solidly on the bottom of the 
ank and that the ground is reflecting 
the noise. At a distance from the trans- 
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former, the noise level was the same at any 
height; this distance varied with the 
direction of the vertical plane. Beyond 
this point the noise level was higher at 16 
feet than at 1 foot. Asa consequence, the 
noise would be more troublesome to the 
occupants of a 2-story house, and a sound 
barrier of adequate height should be built 
preferably as close as possible to the 
transformer. 

Finally, using the same data, curves rep- 
resenting the decrease in the noise level 
as a function of the distance were traced 
for different vertical planes and eleva- 
tions, see Figure 2. 

The 16-foot elevation curves indicate 
that near the transformer, the noise level 
at 16-foot elevation was lower than at 1- 
foot or 6-foot elevation, but decreased less 


Figure 2. Noise level decrease in function of 
the distance for three elevations in different 
vertical planes 


rapidly with the distance. The curves in 
the vertical plane J-J, Figure 2, show that 
the noise level was approximately 70 dec- 
ibels near the transformer and 36 dec- 
ibels at 200 feet from the transformer. 
These curves were compared with the 
upper left curve which represents the 
theoretical sound level decrease for a 
spherical wave. The intensity of spherical 
wave varies inversely as the square of the 
distance from the source, or the sound 
level decreases 6 decibels each time the 
distance is doubled. Within the first 10 
feet from the transformer, interferences, 
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Figure 3. Suggested curve of noise level de- 
crease in function of the distance 


——— noise level decrease curve suggested 

- — ~ theoretical curve for spherical wave 
(inverse square law) 

aenennen field checked noise level decrease for 
the first ten feet 


caused by reflected sound, were too great 
to determine the law of decrease, but, be- 
yond the first 10 feet, it was found that 
the noise level decrease followed fairly 
well the theoretical curve. Subsequent 
checking, in the same substation, for an- 
other transformer (3-phase 6,000-kva, 
57—12.5-ky) showed the same rate of de- 
crease except in a few directions for which 
the noise level did not drop as fast as the 
theoretical curve indicated. As a result 
of these field measurements the chart, 
Figure 3, is suggested as a means to solve 
questions 2 and 3. It can be seen that, for 
the first 40 feet, the noise level drop has 
been purposely flattened, because the 
noise level of a transformer always rep- 
resents the arithmetic mean of several 
readings taken around the transformer. 
In using this curve it is believed that the 
calculated noise level at a distant point 
would be higher than the measured. It is 
suggested that this curve be checked in as 
many installations as possible. Dis- 
crepancies must be expected because of 
interferences, particularly when the equip- 
ment is located in the vicinity of build- 
ings. Consequently, this curve should not 
be used for heavily built-up areas; in any 
case, it should be used only as an indi- 
cator, 


MINIMUM DISTANCE 


Knowing the noise level of a trans- 
former and the nonobjectionable noise 
level to be attained, Figure 3, readily 
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gives the minimum distance between the 
transformer and the nearest dwelling. 


Noise LEVEL AROUND THE TRANSFORMER 


If the distance between the transformer 
and the nearest dwelling is given, the 
chart gives the noise reduction to be ex- 
pected. Knowing the nonobjectionable 
noise level, it is then easy to determine the 
level that should exist around the trans- 
former. If the noise level thus found is 
lower than the given transformer noise 
level, either a quieter transformer should 
be chosen or a sound barrier be built 
outside the transformer. As said before, 
it will be a problem of economics. 

As an example, the National Fire 
Underwriters recommend a minimum 
distance of 32 feet between a transformer 
and the nearest house. Figure 3 shows 
that for 32 feet, 14 to 17 decibels noise 
level drop can be expected. Supposing, 
that the noise level considered as non- 
objectionable be 30 decibels, the noise 
level of the transformer should be between 
44 and 47 decibels. 


SOUND BARRIER 


Two types of sound barrier are being 
built at the present time. They are: 


i 
5 
lu 
=x 


TRANSFORMER 


|-— 


: 


, : d = 
1. Partial barrier, which reduces the noise 
in one or two directions. 


2. Enclosure partly roofed or not. 


Both types make use of sound absorb- 
ing materials which are not always suit- 
able for outdoor installations. Partial 
sound barriers have been made of frames 
faced on both sides with transite and 
filled with sound absorbing material such 
as rock wool. Some were made of rigid 
1- or 2-inch thick sheets of absorbing ma- 
terial called ‘‘sonotherm’”’ with the out- 
side face covered with stucco. Hollow 
concrete blocks filled with sand have been 
used to build enclosures around trans- 
formers. The references give many ex- 
amples of such constructions. 


There are a few points that should be 
kept in mind when building a sound bar- 
rier. The barrier should be built as close 
to the transformer as ventilation permits. 
This is especially important when the 
barrier is partial; in this case, sound de- 
flectors on both sides and on the top of the 
barrier should be built, see Figure 6. An 
enclosure, with adequate sound absorbing 
material, built around and very close to 
the transformer would help to eliminate 
interferences and thereby noisy spots. ~ 


DISTANCE 


Figure 4. Pattern of equal noise level curves in a vertical plane , 
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Figure 5. Partial sound barrier built with sound-absorbing baffles 


It would create a more uniform noise 
pattern outside the enclosure which is 
favorable to a better noise reduction with 
the distance. It would also reduce noise 
spilling over the barrier. Finally, if the 
enclosure itself is compared to a spherical 
source of noise, the sound intensity may 
vary as the second power of its linear 
dimensions. (See discussion of Mr. S. 
Bennon, reference 3.) 

The structure and material used should 
be such that most high frequencies are 
attenuated by the barrier since the ear is 
more sensitive to the high frequencies. 
Here again, the harmonic index (h;) may 
be used to evaluate the efficacy of a sound 
barrier. A higher h;, measured after the 
sound barrier has been built, would in- 
dicate a shifting of the predominant fre- 
quencies toward lower frequencies. It 
also should be remembered that sound 
attenuation through a barrier is caused by 
viscous losses within a porous material of 
sufficient thickness, or, may be accom- 
plished by a rigid impervious heavy wall. 
In most cases, both porous and impervi- 
ous material are required to make a satis- 
factory sound barrier. It has been found, 
for instance, that a wall built with pumice 
blocks, which have good absorption 
characteristics, was a better sound barrier 
if backed by an impervious lay of plas- 
ter.4 A perfect sound barrier would thus 
consist of a space where sound energy 
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would be dissipated, and sound reflexion 
greatly reduced, backed by an impervious 
material which would stop the remaining 
sound energy. The space where sound 
dissipation would take place would cer- 
tainly require a large quantity of porous 
material and thus would make the cost of 
the barrier prohibitive. 

It is believed, however, that this diffi- 
culty could be overcome by using a type of 
sound-absorbing structure, successfully 
used in radio-broadcasting studios, which 
applies the principle of the Helmholtz 
Resonators or resonant cavities.® Briefly, 
this type of sound-absorbing structure is 
composed of a perforated front panel and 
a solid impervious back panel, separated 
by an air space. The perforations in the 
front panel can be round holes or slots. 
The dimensions of these perforations, 


FLEXIBLE JOINTS 


DIRECTION OF NOISE 
REDUCTION 


PLAN VIEW 


their spacing, the thickness of the front 
panel and the air space between the front 
and the back panels are all variables that 
determine the frequency of resonance of 
the air space for which the sound absorp- 
tion is maximum. The latter can be 
broadened over a wider range of frequen- 
cies in filling the air space with porous 
material as fiber glass or rockwool. Th's 
type of structure thus combines the ab- 
sorptive qualities of such material as 
fiberglass with that of the structure itself, 
in providing a protection for the porous 
material against weather conditions. 

Such structures could be designed to 
work as acoustical filters for specific fre- 
quencies, since the predominant fre- 
quencies of power transformers can be 
accurately determined. Unfortunately, 
there is not much practical information 
available concerning this type of structure 
and their calculation. The author is 
bringing this subject to the attention of 
the Acoustical Society of America. 

The problem of sound barriers for 
transformers is complicated by the neces- 
sity for adequate ventilation. This diffi- 
culty could be overcome by mounting 
absorbing baffles (sound barriers of the 
same type just described mounted back 
to back) around the transformer. Figure 
5 shows one possible way to locate such 
baffles. The sound energy would de- 
crease after each reflexion against the 
panels and would come out of the acous- 
tical filter thus formed, considerably re- 
duced. Besides, no sound over-pressure 
would be created as in the case of the 
conventional enclosure. The baffles could 
be of light construction since most of the 
absorbing effect would be obtained by 
their resonance property. Finally, they 
could be arranged in order to form an at- 
tractive architectural ensemble with the 
structure supporting the switching equip- 
ment. 


Mounting the transformer on wood, 
cork, rubber pads, or on a separate foun- 
dation also should be investigated because 
vibrations may be transmitted through 
the foundation and the ground and set the 
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Figure 6. Another type of partial sound barrier consisting of a sound-absorbing panel mounted 
on one side of the transformer 
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Figure 7. Test performed with the core of a 
15-kva distribution transformer mounted on two 
springs. Test showed a noise reduction by 
isolating the core from the tank with springs 


switchgear housing, structure and ad- 
jacent buildings in vibration, thus in- 
creasing the noise. It is suggested that 
the transition throats of unit-substations 
be attached to the transformers by means 
of flexible joints in order to prevent 
vibration transmission from transformer 
to metal-clad. If the metal-clad is not set 
in vibration, it will act as a noise filter 
because of the many partitions; further- 
more, the transition throats and the parti- 
tions could be lined with sound-absorbing 
material. With this arrangement the 
sound barrier or the absorbing baffles 
would have to be built on one, two, or 
three sides of the transformer only ac- 
cording to the location of adjacent dwel- 
lings. In some cases, a partial sound- 
barrier would be adequate and would 
consist of a small screen built as close as 
possible to the transformer. Figure 6 
shows another type of partial sound- 
barrier built on one side of the trans- 
former. 


In conjunction with the construction of 
a sound barrier, the esthetic value of the 
installation must be considered. It has 
been found, in many cases, that com- 
plaints from people living in the neigh- 
borhood of a substation also were based 
on the nonattractiveness of the installa- 
tion. Streamlining the equipment does 
not seem to help in the matter, especially 
if a structure gives the appearance of a 
steel plant shipping yard. People, defi- 
nitely, do not like to have such an in- 
Stallation in their sight and they protest 
vigorously when permission is requested 
to build a substation in their neighbor- 
hood. The steel mesh fence that sur- 
rounds most substations does not improve 
the appearance either if it is not hidden by 
some shrubs or trees. 

It is suggested in this case, to plant, 
outside the fence, a hedge of laurel of some 
species according to the type of soil in 
which it is planted. Such a hedge would 
probably cost less than shrubs and would 
grow faster to any desired height and 
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thickness; it would not only hide the 
equipment that people do not like to see, 
but also act as a final sound barrier. In 
order to change as little as possible the 
surroundings in which people have been 
accustomed to, it is suggested to plant a 
hedge long before the substation is built 
where the utility can forsee the construc- 
tion of the substation. 


Suggestions for the Manufacturers 


The usual approach to transformer 
noise reduction consists of reducing the 
flux densities in the core. In an attempt 
to determine the value of isolating me- 
chanically the core and coil assembly from 
the tank and of interposing a sound 
barrier between the core and the tank 
walls, a series of tests was performed ona 
15-kva_ distribution-type transformer. 
The results indicated that substantial 
improvement could be realized by isolat- 
ing the core and coil assembly from the 
tank and by mounting a sound barrier of a 
certain type between the core and the 
tank walls. The dampening effect of the 
oil was evident especially for the high 
frequencies, although similar tests per- 
formed by some manufacturers indicated 
that the oil had no dampening effect at all 
and consequently, isolating the core from 
the tank would have no beneficial effect. 
It may be of some interest, however, to 
recall the analogy between mediums oil- 
air and conductors of different impedances 
(see Appendix). The acoustical imped- 
ance of the oil is in the order of 10,000 
centimeter-gram-seconds while that of the 
air is 40 centimeter-gram-seconds which 
makes the sound energy transmission 
from the oil to the air very inefficient. 
It is true that the equations at the bound- 
ary of two conductors of different im- 
pedances, written in the Appendix, are 
only valid for two infinite conductors, or, 
for mediums of great dimensions com- 
pared to the wave length of the sound. 

In the case of a transformer, these 
equations would be valid only for the 
high frequencies. It is, however, worth- 
while to dampen the high frequencies as 
much as possible, as E. A. Blomqvist has 
illustrated so well in his discussion of C. S. 
Murray’s paper.’ E. A. Blomqvist as- 
sumed four transformers emitting the 
same sound power but with different fre- 
quency spectrums. Although all trans- 
formers have an equal loudness level 
measured near the transformer, there is a 
considerable difference of loudness level 
as the distance from the transformer in- 
creases, the quieter unit being that which 
has the lowest predominant frequency. 
Thus, it may appear that the oil has no 
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Figure 8. Another type of resilient pad, . 
isolation of the core from the tank 
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dampening effect if the noise level is 
measured close to the transformer, as it 
usually done, but may have an audibli 
effect in the distance. Recent tests per- 
formed on a 3,000-kva 57 —12.5-kyv trans- 
former indicated a noise level reductio 
of 8 to 9 decibels obtained by resting the 
core and coil assembly on resilient pads 
and mounting a very simple barrier be- 
tween the core and the tank walls. Con- 
sultation with the manufacturer revealed 
that such means was not successful on all 
transformers, however. It is obvious that 
the stumbling block in applying resilient 
pads to isolate the core from the tank is to 
find a resilient material which, when 
under constant pressure, would still retain 
its elasticity and not contaminate the oil. 
Subsequent and periodic tests will de- 
termine whether the material used as re- 
silient pads in the mentioned transformer 
is suitable. One possible solution to this 
problem was indicated by a test performed 
on the core of a 15-kva distribution-type 
transformer resting on two steel springs, 
as shown in Figure 7 in place of rubber 
pads. The average reduction of noise 
level,in this test, was approximately 7 dec- 
ibels (without sound-barrier). Unfor- 
tunately, the frequency analyzer was not 
available at the time the test was per- 
formed and the noise spectrum could not 
be traced. Other types of pads could be 
developed. For instance, rubber-like 
thick wall cylinders could be used as 
shown in Figure 8. The same thick wall 
rubber cylinders could be used for bracing 


COIL 
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Figure 9. Another way to isolate the core 
from the tank, by suspending the core from 
the cover 
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the core. They would be inexpensive and 
easily installed. The core could also be 
suspended from the cover. This could be 
accomplished by the use of heavy steel 
rods and coil springs as suggested in 
Figure 9. This is an old type of con- 
struction that could be readily adaptable 
for vibration dampening. 

The tests on the 15-kva distribution- 
type transformer also indicated that a 
sound barrier between the core and the 
tank walls would reduce the noise trans- 
mission through the oil. The ordinary 
kind of sound-absorbing material, used in 
building construction, could not be in- 
stalled in transformer oil because any 
porous material would become saturated 
with oil. 


In this case, the noise reduction would 
be accomplished through the use of alter- 
nate layers of mediums having different 
acoustical impedances, such as oil and air, 
where sound energy would be lost at each 
boundary. The electrical analogy to this 
is found at the boundary of two electrical 
lines or circuits of different impedances 
where energy transfer is inefficient if 
matching impedances are not used. Such 
an air sound barrier could be made of two 
parallel sheets of metal, or any other ma- 
terial impervious to oil, separated by 
1/2 inch to 1 inch air space and hermeti- 
cally sealed. One or two of these barriers 
could be mounted between the core and 
the tank walls, thus providing the desired 
air layers. Again, this type of sound 
barrier would be more effective fcr high 
frequencies than low frequencies and its 
effect may not be apparent when noise 
level readings are taken near the trans- 
former. 


Outside the tank many possibilities for 
sound reduction exist, for example, metal 
cabinets, fittings and fans could be moun- 
ted on rubber cushions. Advantage could 
be taken of the fact that radiators have 
some sound absorbing effect as shown in 
the first part of this paper. This is more 
pronounced with flat-type radiators than 
with tube type. Radiators could be de- 
signed to have the greatest possible sound 
absorbing effect. Also, to avoid trans- 
mission of the vibrations, they could be 
mounted on rubber-like gaskets or sup- 
ported by resilient pads. For especially 
quiet installations, the radiators could 
even be separated from the transformer. 
The tank would then be enclosed in a 
soundproof enclosure and all rigid con- 
nections between. the tank and the radi- 
ators would be avoided.’ By this method, 
British constructors claim to have reduced 
the 100-cycle component by 12 decibels 
and the 300-cycle component by 16 de- 
cibels (European frequency is 50 cycles 


1951, VoLuME 70 


per second). In this case, radiators also 
could be used as partical sound-barriers or 
acoustical filters. 


Conclusions 


The present noise level standards 
should be revised for power transformers 
to be installed in urban substations. 
Where an especially quiet installation is 
indispensable, noise measurements should 
be taken prior to any construction, in 
ordertoset therequirements. Aneconom- 
ical study should then be made to de- 
termine the solution to be adopted. 
Finally, the substation itself should be 
very carefully laid out in order to take 
every possible advantage of the type of 
equipment purchased. It is felt that it is 
possible for the utility engineer to be more 
definite in his specifications for trans- 
former noise and in the planning of 
quieter, as well as, more appealing sub- 
stations. 


Appendix 


Reflection and Refraction in an 
Electric Transmission Line 


In a transmission line, when a current 
meets a boundary between two conductors 
of different impedances the current divides 
into two currents: a reflected current and a 
refracted current. 

Let us consider two infinite lines on both 
sides of the boundary V/: 


The characteristic impedance of the line 
at left is Z; and at right Z». 


1; =the current flowing from left to right in 
the line at left. 
ig2=the transmitted (or refracted) current 
at right which is different than 7. 


The actual current at M can be considered 
as the resultant of two superposed currents 
which are: the incoming current 7; and the 
reflected current 7;’._ We can write: 4+7,'= 
12. To 1 corresponds a voltage e, and to 
i,’ corresponds a voltage ¢’. Since “4 
flows from left to right (positive) we can 
write: ¢:=Z)X%, and sincez;’ is lowing from 
right to left (negative) we must write: 
@’=—Z1Xi' and also: ¢=Z2X to. 

Thus, the equations at the boundary of 
two infinite lines with different characteristic 
impedances will be: 


tt! =t2 (1) 
and 
é +e)’ = €& 


or 
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From equations 1 and 2 we deduce: 
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The reflection coefficient is 


The incoming power is 


AXxI? 


(1, =maximum of 2) 


The transmitted power is 


ZX Ip? 
2 


The efficiency in power transmitted is 


Reflection and Refraction of a Plane 
Sound Wave 


Application of the equations at the bound- 
ary of two mediums with different acousti- 
cal impedances. 


Let us suppose that the medium at left 
is oil; its acoustical impedance is Z,;= 
10 X 104 centimeter-gram-seconds (this 
value is assumed, for it could not be 
found in any available literature; the 
actual value may be higher but it will not 
affect the final result), and the medium at 
right is air for which the acoustical imped- 
ance is: 


Z,=40=0.004 x 104 
onds 


centimeter-gram-sec- 


We will have: 


1. Reflected particle velocity (analogous 
to the current in the foregoing equations) 


11-2 


ae, 10—0.004 
=, = 
oe Za 


10+0.004 


a! Yy 1} 


where 7,’ is positive. This means that 12’ 
isin phase with z,. The reflection coefficient 
is r=%,'/%, (very close to 1). 


2. Reflected pressure (analogous to the 
voltage): 


e/=—2Z,Xu’ 


where the pressure of the incoming wave is 
@:=Z1 Xt and e,’ is very close to —é. 
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8. Transmitted velocity: 


ee ea sue 
BG See a0 NO 
4. Transmitted pressure: 

225 0.008 
= =e =8.10-'Xe 
OSA ree 10,004 : 


5. The transmitted power Z2X%? is 
very small and the efficiency is 


Z2X ty? 0.004% 4 Xn? _ 0.016 


= 0.0016 
AX? 10X42 10 


which represents a loss in power trans- 
mitted equal to 28 decibels (assuming in- 
finite mediums). 

For transformers in which the oil space 
between the core and the tank walls is rela- 


Discussion 


C. S. Murray (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
The author outlines various means of at- 
tenuating the noise around distribution 
substations and it is agreed that there is no 
single satisfactory solution to the problem 
at the present time. 

I feel that the ultimate solution to the 
transformer noise problem will be to de- 
crease the noise at its source. Up until two 
or three years ago transformer designers had 
stated that it was not practical to build the 
larger power transformers for a reduction of 
more than 10 decibels below the present 
NEMA specified levels. In the case of the 
smaller sizes, such as the distribution and 
unit substation types, it was stated that the 
reduction would be even less. However, 
during the last few years the manufacturers 
have built low noise level transformers with 
reductions exceeding the 10-decibel figure 
and these transformers are not the immense 
giants that were previously prophesied by 
the manufacturers. Some of these trans- 
formers represent the first attempts by these 
manufacturers to supply low noise level 
transformers. Further investigations by 
the manufacturers and an adoption of some 
of the methods outlined by the author may 
permit even greater reductions to be 
achieved economically. 

In regard to the placing of barriers be- 
tween the core and main tank, this had been 
tried abroad but to my knowledge it has not 
been applied in this country. Mr. Forrest! 
describes a 20,000-kva transformer in which 
the core was placed in a steel tank and this 
entire assembly was then placed in another 
steel tank which was resiliently isolated 
from the first. A reduction of 10 decibels 
was claimed due to this construction. 
There was no data published as to the change 
in loudness of the noise at a remote point 
from the transformer, It will be interesting 
to note the reaction of the transformer de- 
signers as regards the suggestions of the 
author to install barriers within the tank. 

In his discussion of nonobjectionable noise 
the author states that any noise with the 
same level and harmonic index as the noise 
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tively small, there may be some loss of sound 
energy affecting only the higher frequencies. 
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without the transformer energized can be 
considered as unobjectionable noise. This 
cannot be used as a hard and fast rule. 
Under certain conditions of ambient and 
transformer noise levels, at points remote 
from the transformer, the transformer noise 
will not add materially to the sound level 
meter indication. Yet the transformer noise 
will be audible and may be objectionable. 
If one wishes to compare noises at a given 
location before and after the transformer is 
energized, it would be much better for him 
to obtain the sound level of the various 
components of the noise with a sound 
analyzer. 

The author discusses barriers which apply 
the principle of the Helmholtz Resonator. 
Some time ago I suggested that the applica- 
tion of resonant cavities should be con- 
sidered by those concerned with sound absor- 
bent materials and methods.? It is gratify- 
ing to know that others have become inter- 
ested in the subject. In applying this prin- 
ciple to out-of-doors installations, some 
means must be provided to prevent the 
accumulation of foreign debris and water 
within the cavity that may change the fre- 
quency characteristics of the filter. 

I agree with the author that the present 
specified sound level values should be re- 
vised not only for transformers to be in- 
stalled in urban substations, as he suggests, 
but for all transformers. Manufacturers can 
design and build transformers with noise 
levels somewhat below the present standard 
without cost to anyone. 

Ultimately, a transformer noise standard 
would specify the permissible amount of 
noise that a transformer can emit which is 
founded on factual evidence showing that 
this is the requirement for the general case. 
This factual evidence would be collected by a 
standardizing body such as the American 
Standards Association. Such information 
would be extremely valuable to those of us 
dealing with the noise problem. 
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Theodore R. Specht (Westinghouse Electri 
Corporation, Sharon, Pa.): Mr. Lambert ha 
covered the problem of transformer nois 
quite thoroughly in his paper. The curv 
he suggests for the decrease of noise leve 
with distance is one for which there has bee 
a need for some time, and it would certain 
be desirable for various people to make sim’ 
lar measurement and see if the results agre 
with the curve. In his curve though, he ha 
not taken into account the size of the trans 
former, so strictly speaking the curve woul 
only apply approximately to the range « 
sizes he tested, which was 3,000 to 6,000 kvz 
For small transformers, about 15 kva, th 
inverse square law should apply quit 
closely; and for larger transformers, ove 
30,000 kva, the attenuation would be abou 
3 decibels less than given by the curve b 
yond 30 feet, and proportionately less close 
to the transformer. 

The partial sound barriers described in th 
paper would certainly be quite desirable < 
they would allow normal ventilation of tk 
transformer. Does the author know whe 
the attenuation of barriers like this woul 
be? Corbett McLean, in a recent article 
described a roofless enclosure which was pr« 
vided with small ventilating openings in th 
walls. He said it was necessary to complet 
the entire enclosure before appreciable noi: 
reduction was achieved, that is with tk 
ventilating openings closed. At 35 fe 
from the transformer, he found the attenu: 
tion was doubled with the ventilating ope 
ings closed. The basic idea of using vet 
tilating openings lined with acoustic materi: 
to reduce the transmission of sound throug 
the openings is practical and methods fc 
calculating the attenuation are available 
An approximate calculation would giy 
about 3 or 4 decibels attenuation direct! 
outside the baffles in the overlapped patter 
shown in Figure 5. It would seem doubtf 
whether a 3-sided enclosure, spaced three 
four feet from the transformer, would appr 
ciably reduce the rating of the transforme 
In most cases, it should be practical to use 
3-sided enclosure from a noise standpoin 
But where 4-sided enclosures must be use 
ventilating openings lined with acoust 
material may be desirable. 

Mr. Lambert has secured favorable r 
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ilts by mounting the core and coils on 
rings and vibration dampeners. We have 
ade tests with a transformer setting nor- 
ally in its tank and then repeated the tests 
ith the core and coils held by a crane so the 
re and coils were still in the tank but not 
uiching the tank. We were unable to find 
1y significant difference in the sound levels. 
xperience has shown that with the core 
id coils properly assembled in a tank, the 
Idition of spring or resilient mountings and 
bration absorbers does not give any appre- 
able reduction in noise. It also has been 
termined that with an improper assembly 
core and coils, these devices may show 
oderate to very high reductions in noise. 
there are loose laminations in the core, 
lere is a definite dampening effect by the 
1 on the vibration of these laminations. 
he oil tends to dampen out these high-fre- 
1ency buzzes. 
The use of sound barriers inside the trans- 
rmer has definite possibilities, but there are 
any considerations. The barriers should 
yt prevent the circulation of the oil and 
yoling of the transformer to any large ex- 
nt. 
This may mean that there will be sufficient 
iths for the sound to by-pass the bar- 
er. Also the barrier must be able to 
and the oil pressure and the vacuum treat- 
ent of the transformer, and must with- 
and varying operating pressures and tem- 
sratures as well as the effect of the oil on 
le barrier over the life of the transformer. 
he pressure and vacuum will make it very 
ficult to use the barrier consisting of two 
irallel sheets of metal separated by an air 
ace such as is suggested. It is entirely 
ssible that the cost of such internal bar- 
ers may exceed the cost of external bar- 
ers to achieve the same noise reduction. 
The use of vibration absorbers between 
ie transformer and cabinets on the trans- 
rimers may be desirable. We have made 
sts on transformers with large banks of 
\diators to use flexible couplings between 
le transformer and radiators, but no im- 
rovement resulted. It is doubtful if much 
bration from the tank wall is transmitted 
» the radiator bank, as the bank is so 
savy and is filled with oil. The case would 
> different with switchgear cubicles and it is 
ossible that flexible couplings between the 
ansformers and cubicles may help in some 
ses. 
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/, H. Mutschler, Jr., and T. F. Madden 
\llis-Chalmers Manufacturing Company, 
ittsburgh, Pa.): Mr. Lambert has suc- 
seeded in presenting. some of the numer- 
is engineering aspects of the transformer 
9ise problem. His concise and complete 
st of corrective measures which can be 
plied to transformer noise serves as a 
seful guide for both the user and the 
anufacturer of transformers. 

Before discussing the various corrective 
leasures listed, it should be noted that 
here noise is a problem, the reduction in 
dise level required to remove possible ob- 
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jections is usually on the order of 15 to 20 
decibels. Reductions of this magnitude 
cannot be accomplished by design alone as 
the result of limitations imposed by existing 
materials. However, careful design and con- 
struction to avoid all resonance serves to re- 
duce the noise level generated by a given 
unit but usually not more than 6 decibels. 
Further reductions below the noise levels 
normally obtained in economical designs can 
best be achieved by recourse to the modifica- 
tion of standard designs by means of the de- 
vices suggested by Mr. Lambert in the 
section on corrective measures. 

The isolation of the core and coil assembly 
from the tank proper has been investigated 
with varying degrees of success. In some 
cases the noise level has been actually in- 
creased by isolating the core and coil as- 
sembly. 

The effectiveness of core and coil isola- 
tion can only be determined when consid- 
ered in conjunction with the noise trans- 
mitted through the oil and the modes of 
vibration caused by the transmittal of noise 
through these two media. A study of a 
typical transformer assembly will show that 
the vibrational amplitudes transmitted 
through the oil to the tank wall are 180 de- 
grees out of phase with the vibrational am- 
plitudes in the tank wall caused by vibration 
of the bottom of the tank. 

Since oil has a high acoustical impedance, 
the vibrational amplitudes are transmitted 
to the tank wall through the oil with little 
attenuation. These vibrational amplitudes 
may then be either larger or smaller than the 
vibrational amplitudes in the tank caused by 
vibration of the tank bottom. If the vibra- 
tional amplitudes through the oil are larger, 
isolating the core and coil assembly will in- 
crease the total vibrational amplitude and 
the transformer noise level. If they are 
smaller, isolating the core and coil assembly 
will decrease the total vibrational ampli- 
tude and the transformer noise level. Thus 
to build an effectively quiet transformer it is 
necessary to decrease the vibrational ampli- 
tudes in the tank wall by sound barriers in 
the oil as well as by core isolation. 

Sound barriers, to be located inside the 
transformer tank, must fulfill certain re- 
quirements before they can even be con- 
sidered as economically justifiable. They 
must not interfere with the normal circula- 
tion of oil for cooling. They must not alter 
the insulating characteristics of the oil. 
They must be effective over the range of fre- 
quencies normally present in the transformer 
noise spectrum. Their characteristics should 
not be influenced by the presence of oil or, if 
so, means must! be provided for isolating the 
sound barrier from the oil. 

Although the noise is attenuated from the 
core to the tank, experience has shown that 
this attenuation does not approach the 
theoretical value of 28 decibels as shown in 
the Appendix of Mr. Lambert’s paper, but 
rather approaches a value of 10 decibels 
over the range of frequencies present in 
transformer noise. 


Armand V. Lambert: Originally, I was in- 
clined to feel, as Mr. Murray does, that the 
ultimate solution to the transformer noise 
problem would be to decrease the noise at 
its source. After study and discussion with 
transformer design engineers, it appears 
that unless radically new designs are used, 


noise level reductions, as required in resi- 
dential areas, will be difficult to accomplish 
in the transformer alone. However, I feel 
that the noise level of the present-day trans- 
formers can be substantially reduced without 
greatly increasing the cost. If especially 
quiet installations require further noise re- 
duction, a sound barrier is in order. In any 
event, close co-operation between the manu- 
facturers and the utility engineers may be 
beneficial in laying out substations. 

I agree with Mr. Murray that a frequency 
analyzer would be much more adequate for 
the tracing of a complete frequency spec- 
trum. 

However, because this instrument, as it 
now exists, does not lend itself to field 
work, the harmonic index method was 
suggested. Needless to say, a frequency 
analyzer designed for this type of work 
would be more than welcome. It may be 
that an octave-band analyzer is the answer, 
but my lack of experience with this instru- 
ment prevents me from giving any opinion. 
Finally, the cost of this equipment is an- 
other factor that has to be considered. A 
utility engineer may justify the acquisition 
of a noise-level meter, but may not be able 
to justify the additional cost of a frequency 
analyzer. Consequently, the harmonic in- 
dex is a quick and nonexpensive way to ob- 
tain an indication of the frequencies present 
in the noise, but is not suggested as an ac- 
curate method. 

The Portland General Electric Company 
now is experimenting with scale models to 
obtain more data on resonant cavities and 
to investigate the possibility of applying 
them in sound barriers. 

It is right, as Mr. Specht remarks, that 
the curve suggested for the noise level de- 
crease, as a function of the distance, applies 
for transformers of 6,000 kva or smaller. 
It is felt that if a larger transformer has to 
be located in a residential area, it should be 
installed in a total enclosure or building, 
else serious noise complaints will develop. 
In this case, the curve no longer applies. 
Mr. Specht, and other transformer design 
engineers have found that isolating the core 
from the tank would not reduce the noise 
level of the transformer. However, in one 
of our 3,000-kva 69-kv class power trans- 
formers a noise reduction has been achieved 
by this means and at a moderate cost. It 
may be that in most cases this method does 
not give the expected amount of noise reduc- 
tion, but a combination of inexpensive 
means to cut a few decibels here and there 
may prove to be a practical solution. It is 
felt that there is no one clear-cut method in 
reducing transformer noise. Isolating the 
core from the tank is suggested only as one 
of many ways to cut down the present noise 
levels. As Mr. Murray says, there have 
been improvements already, probably due 
partly to improving some construction de- 
tails. 

I agree with Messrs. Mutschler and Mad- 
den that where a reduction of 15 to 20 
decibels is required, it can not be accom- 
plished in the transformer alone, at least 
with the present conventional design. As 
stated before, such a large reduction must be 
achieved by close co-operation between the 
manufacturer and the utility engineer. The 
theoretical value of 28 decibels shown in the 
Appendix of the paper was not intended to 
prove that it would be possible to achieve or 
even approach such reduction. Instead, the 
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Appendix was intended to draw attention to 
the fact that the difference in the acoustical 
impedance of air and oil is a contributing 
factor to the reduction in the intensity level 
of the high frequencies. 

It might be of some interest to mention 


that the magnetostrictive phenomena is not 
only responsible for transformer noise, but 
also for the deterioration of transformer oil 
in power transformers. 

This chemical change of the oil is produced 
by the vibrations in the sonic and ultra- 


sonic ranges emitted by the lamifations. 

It is my pleasure to thank Messrs. Mur- 
ray, Specht, Mutchler, and Madden for 
their contribution to this paper. Their 
points of view are of great value to all engi 
neers interested in this problem. 


Some Methods of Obtaining Correct 
Line Drop Compensation on Single- 
Phase Voltage Regulators Used on 

3-Phase Systems 2 


H. L. PRESCOTT 


MEMBER AIEE 


ANY OF the feeder voltage regu- 
lators used on distribution circuits 
are equipped with line-drop compensators 
to permit adjusting the regulator control 
to maintain constant voltage at a point 
some distance from the regulator installa- 
tion. The smaller sizes of regulators, par- 
ticularly the pole mounting types, are 
single-phase devices. When single-phase 
regulators are used on 3-phase systems, 
the phase-angle relationships between the 
voltages and currents in the regulators 
must be observed and correlated if proper 
line-drop compensation is to be obtained. 
This paper outlines three of the ways 
by which this correlation may be accom- 
plished. 


1. By auxiliary current transformers. 
2. By phase-shifting networks. 


3. By modified compensator settings. 
The Line-Drop Compensator 


Consider a line from a regulator to a 
load center, as shown in Figure 1. Let 


E,=voltage at the load 
T=line current 
R+ 7X =line impedance 
R=line resistance 
X =line reactance 
Er=voltage output at the regulator 


Paper 51-300, recommended by the AIEE Trans- 
mission and Distribution Committee and approved 
by the AIEE Technical Program Committee for 
presentation at the AIEE Pacific General Meeting, 
Portland, Oreg., August 20-23, 1951. Manuscript 
submitted May 18, 1951; made available for print- 
ing July 18, 1951. 
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The voltage drop in the line is the prod- 
uct of the line current and the line im- 
pedance, or 


IZ=IR+j1X (1) 


Starting at the load and adding volt- 
ages, 


E,+(UR+jlX)= Ep (2) 


In the vector diagram the current is 
illustrated as lagging the voltage by the 
angle 6 as observed at the regulator. 

At the voltage regulator, the voltage 
E, is applied to the control circuits 
through a potential transformer. The 
current I is applied to the line-drop com- 
pensator through a current transformer. 
The Rand X elements of the compensator 
produce the voltages IR and IX, and sub- 
tract them from Ep so that the voltage 
applied to the voltage regulating relay is 
E,—IR—jIX which equals E;,. 


3-Phase Voltages and Currents 


The vector relations of currents and 
voltages for a 3-phase system are shown 
by Figure 2 where the voltages Eo4, Epp, 
Eoc are line-to-neutral voltages; Ey,z,, 
Table I. Voltages and Currents in Delta- 
Connected Regulators 


——s 


Figure 4(A) Figure 4(B) 


Regulator Voltage Current Voltage Current 
dds Feat LABS esicinie LB ecerstais EBA 
Disisies hat BBO Sito Mi Clicfatnisieis EcB 
Silvieerstars Eca aA aaieies EAGa ae nen 
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Exc, Eca ate line-to-line voltages; and 
I,, Ip, Ic are line currents as indicated in 
the figure. This figure is drawn with the 
same phase angle, 0, between line-to- 
neutral voltage and line current as be- 
tween J and Ep of Figure 1. 


Y Connection 


When three single-phase regulators are 
Y connected on a 38-phase system, as 
shown in Figure 3, the voltage and current 
relationships in each regulator are the 
same as for the single-phase case ol 
Figure 1. This may be seen by comparing 
Figures 2 and 3 with Figure 1. Regulato1 
1 is excited by voltage Eo, and has line 
current I,. Regulator 2 is excited by 
voltage Egg, and has line current I, 
Regulator 3 is excited by voltage Eog anc 
has line current Ig. In each case, the 
phase relation between the voltage anc 
the current is exactly the same as betweet 
E, and J of Figure 1. 

Therefore, single-phase voltage regu 
lators may be Y connected on a 3-phas 
system, and the line-drop compensatior 
will function in the normal manner, anc 
no special connections are required. 


Delta Connection 


The two delta connections for single 
phase voltage regulators on 3-phase sys 
tems are shown in Figures 4(A) an 
4(B). The voltages and currents in eacl 
regulator are shown in Table I. 

In Figure 5, the vectors from Figure ‘ 
are redrawn to show more clearly th 
voltage and currents of Figure 4. Thi 
dotted lines represent the phase position 
of the voltages Eo,4, Epox, and Eoc. Fron 
Figure 5, the phase-angle relations be 
tween the voltages and the currents cai 
be determined by inspection, as tabu 
lated in Table II. For each case, th 
positive direction of the angle is counter 
clockwise from the voltage to the cur 
rent. 

Thus, each regulator in the delta con 
nection has its voltage and current phas 
angle changed by 30 degrees from th 
conditions which would exist if the regu 
lators were Y connected. It, there 
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R + jx 
LINE IMPEDANCE 


REGULATOR 


igure 1. 


ore, follows that in order to obtain cor- 
ect line-drop compensation on delta- 
onnected regulators, some means of 
ompensating for this 30-degree phase 
hift must be provided. 


)pen-Delta Connection 


‘The connections for open-delta opera- 
ions are shown in Figure 6. For pur- 
oses of illustration, the regulators are 
hown connected in lines A and C. The 
oltages, currents, and phase angles are 
iven in Table III. Regulator 1 in Figure 
is subject to identically the same volt- 
ge and current conditions as regulator 1 
f Figure 4(B), while regulator 2 in Figure 
is subject to the same conditions as reg- 
lator 2 of Figure 4(A). 

Thus, open-delta operation also re- 
uires some means of compensating for a 
=30-degree shift between regulator volt- 
ge and regulator current. 


fethods of Phase Shifting 


One method of compensating for the 
hase shiit introduced by delta or open- 
elta operation of regulators is to inter- 
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Schematic and vector diagrams of a typical line with voltage 
regulator 


Figure 3. 


connect the secondaries of current trans- 
formers in each of two lines to obtain a 
current which is in phase with the regu- 
lator excitation voltage. A second 
method is to use impedance networks in 
the control circuits to shift the phase 
angles within the control devices. A 
third method is to modify the settings of 
the line-drop compensator dials to cor- 
relate the regulator operation with the 
actual line conditions. The remainder of 
this paper is devoted to describing each 
of these methods. 


Cross-CURRENT CONNECTIONS 


Figure 7 shows the connection and 
vector diagram of current transformer 
secondaries for current transformers in 
lines A and B. At the point P, the cur- 
rents J, and J, combine to form the cur- 
rent Ig—I, which flows through the 
primary winding of the auxiliary current 
transformer. The vector addition shows 
that the resultant current (Ig—J,) is dis- 
placed from J by the angle, —30 degrees. 
In Figure 4(A), it was found that regu- 
lator 1 has current Iz which leads the ex- 
citation voltage, E4n, by +30 degrees —6. 


Figure 2. Diagram 
of 3-phase voltages 
and currents 
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Y-connected single-phase voltage regulators on a 3-phase 


system 
Therefore, if the current I;—J, is sub- 
stituted for J; in regulator 1 of Figure 4, 
the correct phase relations for line drop 
compensation will be obtained. 

The vector diagram of Figure 7 shows 
that the addition of Jz and —J, produces 
a current which not only is shifted in 
phase angle from I, and Jz, but also is 
increased in magnitude by V3 as com- 
pared with 7, or Ig. The auxiliary cur- 
rent transformer has a ratio V3 to 1 and 
is for the purpose of reducing (Ig—Iy) 
to be equal in magnitude to J, and Jz. 
The combination of interconnected cur- 
rent transformer secondaries with an 
auxiliary V3 to 1 ratio current trans- 
former, therefore, makes possible line- 
drop compensation which is correct in 
both phase angle and magnitude on reg- 
wlators having the compensator circuit 
designed for single-phase operation. 

The current transformer interconnec- 
tions required for all regulators of Figures 
4(A), 4(B), and 6 are shown in Table IV. 
Figure 8 shows, schematically, the com- 
plete current circuits for the regulators 
of Figures 4 and 6. 

Each single-phase voltage regulator 
equipped with a line-drop compensator is 
supplied with one line-current trans- 
former. The three regulators for delta 
connection, therefore, provide all the 
necessary line-current transformers. 

For the open-delta connection of Figure 
6, there will be only two regulators and 


Table Il. Phase Angles in Delta-Connected 
Regulators 
Regulator Figure 4(A) Figure 4(B) 
lb hGintie teoled 4+80°—8.....00 0s —30°—-@ 
7, eaeetaes “80° — 0) semen —30°—0 
Bh Otte +-380° —0.....000% —30°-—@ 
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REGULATOR 2 


REGULATOR 2 


therefore only two line-current trans- 
formers. The need for the third line- 
current transformer can be eliminated by 
using a 3-winding auxiliary current trans- 
former in each regulator, connected as 
shown in Figure 9. The turns ratio of the 
auxiliary transformer is in the proportion 
100:50:86.6 for windings 1, 2, and 8 re- 
spectively. From Figure 9, the current 
equations can be written 


oO 
a 
W 


1600 


Figure 4.  Delta- 
connected _ single- 
phase voltage regu- 
lators on a 3-phase 
system 


(A). Connections 
wit current leading 
voltage in each regu- 
lator; (B). Connec- 
tions with current 
lagging voltage in 
each regulator 


86.6 Trog 1 = 10074 +-50Z 6 or 


TReg 1 = -(14+0.5I¢) (3) 


O.866 
86.6 Trog 2=1002¢+507 4 or 


| 
—(Io+0.5 La) (4) 


TR 2= 
0.866 


Figure 9 also shows the vector diagram 
for this addition, 


Figure 5. Vector diagram of line currents 


and line-to-line voltages 


Figure 6 (below). 


Open __ delta-con- 
nected single-phase 
voltage regulators 


on a 3-phase system 


REGULATOR 2 


Prescott—Correct Line Drop Compensation on Stngle-Phase Regulators 


Table Ill. Volisuel Current, Phase Angle id 
Open Delta-Connected Regulators . 


Regalator Voltage Current Phase Angle — 
= . 
i Negeora Hen EBas chthiw hie lane 30° —600 
Prarie c EBG.cccsctee To. scaeeae +30°—9@ ’ 

= 7 =< - 


The proof of this connection is most 


easily shown mathematically, q 
I,=Ie— =I [cos 6—j sin 6] (5) 
Iq = Tei —9) =I {cos (120—6)+ ' 


jsin (120—@)] (6) 


By the equation derived from Figure 
9; E 


Tro 1=5 <5 los 6 sit 0+0.5 cos (120— 


6)+7 0.5 sin (120—6)] (7) 


=1/0.866 cos 0-+0.5 sin 8470.5 
cos 6—(0 866 sin 6)] (8) 


=I {cos (30—6)+/ sin (30—6)] : 
=Jertt= —6) (9) 


Since the voltage of regulator 1 is 
En,, which from Figure 5 is W3Ee™, this 
shows that the current is shifted in phase 
so that it bears the same relation to the 
voltage as for the single-phase case for 
which the line-drop compensator is cali- 
brated. : 

In a similar manner . 


: 
3g C08 (120= 6)+7 sin (120— —0)+ 


he 2=—— 
0.8 


0.5 cos @—J0.5 sin 6] (0 
=1{(0)(cos 6)+(1)(sin @)+j(1) 


(cos 6)—(0) (sin 6)] (11) 
=I [cos (90—6)+7 sin (90—6)] i 
=Iel—-9) (12) 


Since the voltage of regulator 2 is Esa 


which from Figure 5 is W3Eé™, thi 
shows that the current is shifted in phase 
so that it bears the same relation to “ 
voltage as for the single-phase case f 
which the line-drop compensator is cali 
brated. 
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o Do > 


: 
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TO LINE DROP 


COMPENSATOR 


In these relations the voltage expression 
includes the multiplier V3, while the 
current expression does not. This is as it 
should be. In the derivations E is con- 
sidered as line-to-neutral voltage; that 
is, Eo,=Ee,’’. But the open delta-con- 
nected regulator is excited at V3XE 
volts. Therefore, V3XE is the rated 
voltage of the single-phase regulator re- 
quired for this application. In the manu- 
facture of the regulator, the line-drop 
compensator calibration is related to the 
_regulator’s rated voltage. Therefore, as 
far as the compensator is concerned, the 
‘base voltage on which compensation is 
based is V3XE. For this reason, the 
multiplier, V3, appears in the voltage 
equation only. 


PHASE SHIFTING NETWORKS 


In a series circuit of resistive and reac- 
tive or capacitive components, the volt- 
age drops in the circuit are in phase, 
leading by 90 degrees or lagging by 90 de- 
grees, respectively, with relation to the 

current flowing in the circuit. Similarly, 
in a parallel circuit of resistive and reac- 
tive or capacitive components the cur- 
rents are in phase, lagging by 90 degrees 
or leading by 90 degrees espectively, with 
relation to the voltage applied to the cir- 
‘ cuit. Because of these relationships, the 


“currents and voltages in parts of circuits 


Table lV. Current Transformer Interconnections 


Regulator Figure 4(A) Figure 4(B) Figure 6 
on a aR PESTA nie tA LB. es LA Le 
Sei ey.s.5 TOS TB icici cp LB LCs os LO IB 


TRANSFORMER 


(A) 


Figure 7 (left). 
Schematic and vec- 
tor diagrams of cross- 
current connection 


may have phase angles different from the 
applied current or voltage. 

A line-drop compensator consists es- 
sentially of a resistive element which has 
a voltage drop in phase with the applied 
current and a reactive element which has 
a voltage drop 90 degrees leading the ap- 
plied current. This is shown schemati- 
cally in Figure 10, where a current trans- 
former load consists of a resistance R and 
a reactor X, and voltages from these ele- 
ments are applied in the voltage regulat- 
ing relay circuit. The voltage Ex, ap- 
plied to the voltage regulating relay cir- 
cuit, may be any magnitude and phase 
angle, depending upon the tap settings on 
Rand X. Once these settings are made, 
the voltage Ex will remain constant in 
phase angle relative to J, but will vary in 
magnitude in direct proportion to J. 
Thus, the voltage Ex can be made to be in 
proportion to the voltage drop in the line 
on which the regulator is applied. 

To provide for changing the phase rela- 
tionship between voltage Ex and current 
I, to compensate for the 30-degree phase 
shift of open delta or delta operation, 
phase-shifting networks may be used in 
combination with R and X. Such phase- 
shifting networks may be designed using a 
wide range of circuits and circuit com- 
ponents. The detail derivation of these 
circuit constants and connections is be- 
yond the scope of this paper, which is a 
survey of methods rather than a detailed 
discussion of any one method. However, 
the principle involved can be illustrated 
by the simplified circuit and vector dia- 
grams of Figures 11 and 12. 

In Figures 11 and 12, a resistance-re- 
actance circuit is connected in parallel 
with the compensator resistance and re- 
actance of Figure 10. Connectors permit 
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i ae 


(B) (Cc) 


Figure 8. 3-phase schematic diagrams of 
control cross connections for delta and open- 
delta operation 


(A). For regulators connected as shown in 

Figure 4(A); (B). For regulators connected as 

shown in Figure 4(B); (©). For regulators 
connected as shown in Figure 6 


making the parallel circuit normal, as in 
Figures 11(A) and 12(A), highly reactive 
as in Figures 11(B) and 12(B), or highly 
resistive as in Figures 11(C) and 12(C). 
The current J from the current trans- 
former divides into two components, Ix 
and Ig, which follow the parallel paths as 
shown in the figures. In Figure 11, the 
voltage Ex applied to the voltage reg- 
ulating relay circuit is the summation of 
the voltages E,y caused by current Jo in 
resistor R and Eyy caused by currents Ix 
and Zo in the reactor X. In Figure 12, 
the voltage Ex applied to the voltage reg- 
ulating relay circuit is the summation of 
the voltages E;p caused by current Jo 
in that portion of R between L and P, 
Epy caused by current J in that portion 
of R between P and M, and Eyy caused 
by current Jp in reactor X. The vector 
diagrams show these additions. As the 
vector diagrams show, changing the 
parallel circuit from its normal condition 
to a highly reactive circuit advances the 
voltage Ex, while changing to a highly re- 
sistive circuit retards the voltage Ex. 

A phase-shifting network can, there- 
fore, be used to permit applying single- 
phase regulators on 3-phase circuits in 
delta or open-delta connection. It should 
be recognized that the addition of the 
phase-shifting device connects additional 
components in the circuit and therefore 
tends to reduce the over-all accuracy of 
the circuit, and this fact must be con- 
sidered in the selection and design of the 
circuit components. The important ad- 
vantage of this method, that no control 
interconnections are required between 
units, makes it a common method of 
building phase-shift adjustment into 
single-phase regulators. 
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Figure 9. Schematic and vector diagrams of phase shifting trans- 


former connections 


MOopIFIED COMPENSATOR SETTINGS 


The method of modified compensator 
settings, often called the “Wagner 
Method” in honor of Charles F. Wagner 
who patented the scheme in 1934, ob- 
tains correct line-drop compensation for 
single-phase regulators in delta or open- 
delta connection by applying a 30-degree 
phase shift to the settings of the line-drop 
compensator. A chart for determining 
the revised settings is shown in Figures 
13 and 14 for the unit with 30-degree 
leading current and the unit with 30-de- 
gree lagging current, respectively. To 
permit using this method, the resistance 
and the reactance elements of the line 
drop compensator must both be reversible 
so that either positive or negative set- 
tings may be obtained. 

The derivation and proof of this method 
is most easily shown mathematically. 


LINE 
CURRENT 
TRANSFORMER 
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REGULATOR 2 
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Figure 11. Schematic and vector diagrams for reactance compensation 


(A). 


Let R+jX =Ze'? be the line impedance; 
Te’9 be the line current. 


Then the impedance drop in the line is 


(13) 

In a delta or open-delta connection, 
as has already been shown, the voltage 
and current in the regulator are dis- 
placed by 30 degrees. Therefore, if equa- 
tion 13 is expressed in terms of regulator 
quantities instead of line quantities, a 30- 
degree phase shift must be added. Thus, 
the line impedance drop, in terms of 
regulator quantities, is 


IxZel ieee) (14) 


The line-drop compensator settings are 


Te? x Zel? = 1Z¢(6+#) 


=x 
‘4 E,=LINE DROP 


COMPENSATION Figure 10. Sche- 
VOLTAGE matic diagram of 
basic elements of a 
line-drop compen- 

sator 
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current phase shift networks 


Zero phase shift; (B). 


30-degree phase advance; (C). 30- 


degree phase lag 


modified by multiplying the line values 
by the quantity «7 giving revised 
settings on line-drop compensator, of 


(15) 


Substituting this compensator setting 
in expression 14 for the line-drop com- 
pensator voltage gives 


Zei o= 30°) 


TX Zei Ord #0 0°) — > Zee 


Equation 16 shows that using ~line- 
drop compensator settings modified by 
the factor «gives line voltage drops 
in terms of regulator quantities which are 
identical with the actual line drops of 
equation 13. 

For convenience in use, the operator 


j ire . 
e’”*° is expressed in the form 


cos 30°+j sin 30° (17) 


Using the line drop in the form: R+-7X, 
the revised compensator dial settings are 
(R+jX) (cos 30°—7 sin 30°) for the 
regulator with leading current, and 
(R+jx) (cos 30°+ 7 sin 30°) for the reg- 
ulator with lagging current. 

These expressions can be simplified to 
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(o)) 


Figure 12. Schematic and vector diagrams for resistance compensation 
with current phase shift networks 


(A). Zero phase shift; (B). 30-degree phase advance; (C). 30-degree 


phase lag 


(0.866R-+-0.5X) + 7(0.866.X —0.5R) for the 
leading current unit; and (0.866R—0.5X) 
+j(0.866X +-0.5R) for the lagging current 
unit. 

Letting R, and X, be the new dial 
settings, this gives: for unit with leading 
current 


Ry=0.866R+0.5X (18) 
Xw=0.866X —0.5R (19) 
for unit with lagging current 

Ry =0.866R—0.5X (20) 
Xw=0.866X +0.5R (21) 


Figures 13 and 14 are a convenient rep- 
resentation of these four relations. 

The modified compensator setting 
scheme of obtaining correct line drop 
compensation for delta or open-delta 
connected single-phase voltage regulators 
gives correct results foranyload power fac- 
tor and may be adjusted for any line resist- 
ance and reactance ratio. It requires that 
the line-drop compensator elements be 
reversible. Since it requires no inter- 
connecting control wires and has no extra 
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equipment to add size and weight to the 
apparatus, it is particularly suitable for 
pole mounted feeder voltage regulators. 
It should be noted that, for some 
cases, the dial settings required may be 
larger than either the resistance or the 
reactance line drops. This is shown by 
equations 18 and 21 and by Figures 13 
and 14. Therefore, when voltage reg- 
ulators will be used on systems having 
large line drops, this limitation must be 
considered to make sure that the dial 
settings required will not exceed the range 
available on the line-drop compensator. 


Conclusion 


When single-phase voltage regulators 
with line-drop compensators are installed 
in delta or open-delta connection on 3- 
phase power systems, the voltage applied 
to the voltage regulating relay and the 
current applied to the line-drop compen- 
sator are displaced from each other by 
30 degrees. This may be overcome by 
using auxiliary current transformers to 
shift the phase of the current applied to 
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Figure 13. Wagner chart for unit with leading current 


Example: IF line-resistance drop is 4 volts and line-reactance drop is 
7 volts, set resistance dial on +7 and reactance dial on +4 
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the line drop compensator, by using 
phase-shifting networks within the com- 
pensator to shift the phase angle of the 
compensation voltage relative to the ap- 
plied current, or by adjusting the dial 
settings of the line-drop compensator to 
represent a 30-degree phase shift in the 
line impedance. 

The auxiliary current transformer 
method gives accurate performance with 
no loss of available range and with no 
special features in the line-drop com- 
pensator. It requires the use of auxiliary 
current transformers and it requires in- 
terconnections between units. 

The phase-shifting network method is 
completely self-contained in each unit. 
It does not reduce the available range. 
But because of the difficulty of obtaining 
and mounting circuit components to give 
accurate response, the use of this method 
is largely limited to compensators de- 
signed specifically for this application. 

The dial setting adjustment method 
gives accurate performance with no inter- 
connections between units and with no 
special equipment, except that both the 
resistance and the reactance elements of 
the compensator must be reversible. Its 
application is sometimes limited by the 
range available in the compensator. 

All three methods are in actual use and 
are giving satisfactory service. 
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Discussion 


D. R. Samson (General Electric Company, 
Schenectady, N. Y.): Mr. Prescott is to be 
commended on his objective approach to the 
phase-shift problem of line-drop compen- 
sators. We concur with the author’s final 
observation that all three methods of accom- 
plishing the desired line-drop compensation 
are in actual use and will give satisfactory 
service. 

The General Electric Company has been 
partial to the phase-shifting network as a 
method of obtaining the desired line-drop 
compensation, and we have provided a con- 
venient phase-shifting plug arrangement on 
all of our single-phase regulators for many 
years. 

Our reasoning, which has been very 
much analogous to Mr. Prescott’s summary, 
is as follows: 


1. The phase-shifting network is com- 
pletely self contained, and the regulators 
may be mounted on adjacent poles or more 
remote from each other if desired. This is 
difficult and often impractical when the 
auxiliary current-transformer method is 
used. 
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2. The auxiliary | current-transformer 
method depends upon balanced line currents 
for accurate compensation. This is not a 
limiting factor for either the phase-shifting 
network or modified compensator setting 
methods. 

3. The method of modified compensator 
settings has the disadvantage, as the author 
points out, of requiring reversible resistance 
and reactance elements. 

4. The phase-shifting network does require 
additional components in its circuit, and 
therefore, tends to reduce the over-all 
accuracy of the circuit as stated by Mr. 
Prescott. However, the accuracy of con- 
trol devices for voltage regulators is meas- 
ured in terms of errors of not only the phase- 
shift circuit but in addition the errors occur- 
ring in the potential supply, the voltage- 
regulating relay with its ballast, the current 
supply and the line-drop compensator itself. 
Therefore, the error of the phase-shift cir- 
cuit alone is more or less of an academic 
issue. The true measure for the regulator is 
the over-all or “class accuracy” under which 
it comes. 

From an idealistic point of view, the 
choice between the three methods is almost 
a stand-off, but the phase-shifting network 
is the most convenient method for the user. 
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This method when used in a properly in- 
tegrated regulator design lends itself to the 
highest standards of regulator accuracy. 


H. L. Prescott: Mr. Samson has noted thi 
requirement of balanced line currents to 
obtain proper operation of the auxiliary cur- 
rent transformer method. Balanced cur- 
rents were assumed in the derivations in 
paper, but that assumption was not ex: 
plicitly stated. It is well that it has bee: 
noted. 

As Mr. Samson states, the error due to th 
phase shifting method is only one of 
errors which must be considered in deter- 
mining the over-all accuracy of a voltage 
regulating relay and line drop compensator 
circuit. Since it is only one of several items 
which are added together, it must necessar- 
ily be small in order that the summation « 
all the items may also be small. Therefor 
although the error due to the phase shifting 
method may be almost lost in the final de 
termination of over-all accuracy, it is never- 
theless an important factor to the designer 
of the phase shift circuit. ; 

It is encouraging to find that others who 
have been studying this problem ha 
arrived at conclusions so similar to ours. 
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Protection of Electric Equipment 


Against Corrosion in Industrial Plants 


HAROLD E. SPRINGER 


MEMBER AIEE 


The Corrosion Problem 


ORROSION of mechanical and cur- 

tent carrying parts of electric ap- 
paratus works havoc in varying degrees 
in many industries. It is not a new prob- 
lem but, due to the tremendous increase 
in electrification of industries in recent 
years, the problem has multiplied and in- 
creased recognition is being given to the 
necessity for adequate protection of 
electric apparatus against the effects of 
even mildly corrosive atmospheric condi- 
tions, if reasonable length of service and 
reliability are to be expected. 

Corrosive conditions are likely to be 
encountered in most any plant which 
manufactures or uses chemicals of various 
kinds, whether they be in liquid, gaseous, 
or dust form. This includes such indus- 
tries as pulp and paper mills, cement 
plants, and chemical plants. They are 
also to be found around salt water, in 
mining operations, in steam plants which 
burn coal or hogged fuel, and even in wood 
cut up mills particularly where hemlock 
is handled. 

It is the purpose of this paper to dis- 
cuss in some measure various corrosive 
agents which are encountered in industry 
and some of the protective measures 
which may be taken to guard against 
their effects. 

In a large majority of industries only 
very mildly undesirable atmospheric 
conditions are to be found, and it is not 


necessary to take any extensive measures 


to guard against anything except dirt and 
high temperature. However, in some of 
the types of industries mentioned pre- 
viously, atmospheric conditions exist 
Which may vary from quite favorable to 
extremely severe, and in these industries 
the protection of electric equipment 
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against corrosion is a necessity to provide 
trouble-free operation. 


Typical Effects of Corrosion on 
Electric Equipment 


To illustrate some of the various ways 
in which electric devices are made unre- 
liable by the effects of corrosive atmos- 
pheric conditions, some of the numerous 
troubles encountered are listed as fol- 
lows: 


1. Overheating of contacts on starters, 
fuses, and circuit breakers. 


2. Disintegrating of braided or twisted 
shunts, connection studs, and terminal 
screws. 


3. Open circuits in fine wires of operating 
coils on relays and contactors. 


4. Sticking of relays, meters, instruments, 
control buttons, rheostats, solenoids, and 
controllers. 


5. Rusting away of apparatus enclosures, 
conduits, motor frames, ball bearings, trans- 
former cases, and line hardware. 


6. Failure of power circuit breakers to trip 
or close. 


7. Grooving and burning of commutators 
and collector rings. 


8. Insulation failures on motor windings 
and coils of various types. 


9. Flashovers of porcelain bushings. 


These are some of the common ef- 
fects, to which might be added many less 
common ones, some of which tax the 
electrical trouble shooter to the utmost 
and very often at times when production 
is at a standstill. From this list it is not 
difficult to see that corrosion has detri- 
mental effects on electric apparatus. 

If, in addition to the high operating and 
maintenance costs of such effects, we con- 
sider the safety hazards which result when 
rotating apparatus cannot be stopped or 
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started at the right time, or switches can- 
not be depended upon to safely de- 
energize a circuit when required to do so, 
we can readily understand how necessary 
it is to protect all types of electrical ap- 
paratus from conditions that might cause 
corrosion. 


Typical Corrosives and their 
Reactions 


The most commonly encountered cor- 
rosives to which electric equipment may 
be exposed in industry may be classified 
as follows: acids, alkalies, salts and 
brines, high temperature, and moisture. 

The corrosive action of some acids pro- 
ceeds slowly if no free oxygen is available, 
but is greatly accelerated if air is present 
to furnish oxygen. Thus some materials 
which may be suitable for use in handling 
acids are nevertheless subject to corrosion 
when out in an atmosphere where mois- 
ture, acid fumes and air are present. In 
many instances corrosive action of acids 
is greatly accelerated by high tempera- 
ture while relatively slow at room tem- 
peratures. 

Alkaline solutions are in general not as 
widely corrosive to metals as acids but, 
like acids, they are likely to attack 
fabrics and insulating materials, and since 
many caustic solutions are used in indus- 
trial processes they are a prolific source of 
insulation troubles if not kept away from 
motor windings and controls. 

Salts are corrosive to some metals and, 
being good conductors, can also be a 
source of insulation failures. Electric 
machinery and apparatus located close to 
salt water is exposed to corrosive effects 
from salt spray and fog, and in some tide 
flat areas to a variety of marsh gas. 
These are particularly severe on steel and 
cast iron. Salt deposits on high-voltage 
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Figure 1. 


2,300-volt bus gutter showing corrosion of steel, aluminum, 


Figure 3. 


and copper from exposure to traces of chlorine gas and moisture 


porcelain insulators also provide a ready 
path for flashovers. 

Excessive temperature causes rapid 
oxidation of copper contacts and con- 
nections and, due to the fact that copper 
oxide is a poor conductor, a high resist- 
ance connection develops. This causes 
further heating of the joint and the effect 
being accumulative, the temperature may 
become high enough to melt the metal. 
High temperature also greatly accelerates 
the action of some corrosive agents. 

Moisture, when present, nearly al- 
ways contains more or less chemical con- 
tent and may be quite corrosive in its 
action on metals. Very often it attacks 
the varnish on coils of various types and 
on motor windings, eating it away and 
eventually penetrating the insulation and 
causing electrical failure. Dry chemical 
fumes are a potential corrosive, because 
many of them become active when mois- 
ture is present. The combination of 
moisture and fumes reacts to form acid or 


alkaline solutions which are corrosive, 
whereas most chemical fumes are rela- 
tively noncorrosive to metals 
dry. 

Many forms of dust may be regarded 
as merely abrasive or as a dirt nuisance, 
but they also may contain chemicals 
which react with moisture to have highly 
corrosive action. Among these are hogged 
fuel soot particularly from hemlock 
fuel, sawdust from hemlock, salt cake, 
lime, and many others. Thus moisture 
may be detrimental both by direct action 
on materials and through reacting with 
chemical fumes to form corrosive solu- 
tions. 

Of the metals commonly used in elec- 
tric equipment, copper, cast iron, and 
steel predominate. Copper is corroded to 
some degree by most acids if moisture and 
oxygen are present, while corrosion by 
most alkaline solutions is slow. Some 
salts have very little effect on copper 
except to tarnish the surface, while others 


when 


Lead cable sheath crystallized possibly from stress or vibra- 
tion and exposure to air 


are highly corrosive to it. High tem- 
perature and other copper corrosives are 
extremely detrimental to commutators 
and collector rings. Very slight traces of 
sulphur dioxide or chlorine gas will react 
immediately on commutators, and on 
copper, bronze or brass collector rings, to 
cause grooving and burning and collecting 
of copper in brush faces. 

Steel is corroded rapidly by most acids 
and salts, but not by alkalies. Chromium 
is corroded by acids that are not strongly 
oxidizing, but otherwise is immune to 
many corrosives. This makes some 
varieties of stainless steel very good for 
enclosures and mechanical parts for elec- 
trical devices. 

Cast iron is widely used for motor 
frames and motor control enclosures and 
parts, and of the materials commonly 
used in electric equipment it is much more 
resistant to most corrosives than many 
others. However, it is subject to surface 
pitting by many acids and corrodes some- 


Figure 2. 480-volt open rack type capacitor showing corrosion of steel 
and copper parts from exposure to traces of chlorine gas and moisture 
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Figure 4. Steel conduit corroded through by action of sulphur dust and 


rain 
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Effects of different corrosive agents on some materials used in electrical installations. 
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Overload relay is totally inoperative from 


corrosion. Corrosion of steel conduit from sulphurous acid mist has been from surface inward, reducing original 7/8 inch outside diameter to 5/8 


inch. Damp hemlock sawdust, also sulphur and rain have had the same effect. 
Chlorine gas has disintegrated the steel conduit and caused it to fall apart 


acid mist. 


what rapidly from exposure to salt water. 

Aluminum is corroded by caustics very 
rapidly and by some acids. Zinc is cor 
roded rapidly by most acids and alkalies 
and galvanizing treatment is not satisfac 
tory around most corrosive atmospheres 
unless concentration is very mild. Cad- 
mium seems to be quite resistant to cor- 
rosion from alkalies but not quite so re 
sistant to the effects of acids. How- 
ever, cadmium plating of parts on motor 
control apparatus has proven of inesti- 
mable value toward keeping parts working 
which otherwise might be unreliable in 
corrosive places. 

Lead is considered quite highly re- 
sistant to corrosion from most chemicals 
and is quite impervious to action from 
most acids. However, hydrochloric, ace- 
tic and nitric acids will attack it to some 
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extent, and some experiments indicate 
that it becomes brittle under stress, 
vibration, and exposure to oxygen. This 
might account for many cases of the type 
of lead cable sheath deterioration illus- 
trated in Figure 3. For this reason cir- 
culation of air through conduits contain- 
ing lead sheathed cables should be pre- 
vented. 

Silver is somewhat immune to many 
corrosives, but is attacked by chlorine gas 
and moisture, Tin is also subject to cor- 
rosion under some conditions. 

The varied effects of these undesirable 
atmospheric conditions make the use of 
most standard types of switchgear, con- 
trol, and rotating apparatus very unsatis- 
factory in locations where such conditions 
are present in any appreciable degree. 

In general there are two means of pro- 
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Everdur copper conduit is very little affected by the sulphurous 


tecting electrical equipment from these 
corrosive effects: 


1. To remove the equipment from the 
offending atmosphere. 


2. To use equipment designed for opera- 
tion in the atmosphere as it is. 


The first alternate involves either pro- 
viding suitable air conditioned enclo- 
sures, or locating apparatus at a distance 
from the bad conditions. The second in- 
volves making a careful study of the 
corrosive conditions in order to select ma- 
terials and apparatus to resist them. 

Since it is desirable to locate apparatus 
as close as possible to the usage area in 
most applications, the practice of pro- 
viding protection for the equipment in the 
midst of bad operating conditions seems 
to offer the best solution, and is becoming 
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A totally enclosed fan-cooled 
motor and an open motor with sheet-steel 


Figure 6. 


hood side by side. Open motor is protected 
only against drip from above 


quite common. Some of the methods 
being used in present-day practice will be 


considered in the following paragraphs. 


Protection of Heavy Power 
Apparatus 


It is generally recognized that the cost 
of heavy power apparatus warrants 
locating it in places where conditions are 
fairly ideal. However this is not possible 
in all cases and if such equipment must be 
located where corrosive conditions are 
present, special precautions should be 
taken to guard against corrosion. 

High-voltage equipment is usually 
located outdoors, in which case there are 
three particular precautions which can be 
taken, as follows: 


1. Bushing-type transformers and switch- 
gear can be equipped with over rated in- 


Figure 7. Totally enclosed force ventilated 


d-c motor. Plexiglass cover is to facilitate 
visual inspection of commutator and brushes 
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sulators to provide extra creepage distance. 
For instance, a 66-kv transformer or circuit 
breaker can be equipped with 73-kvy porce- 
lains which provide quite a safety factor 
where conducting films are liable to be de- 
posited on the porcelain surfaces. 


The number of high-voltage insulators on 
switching tower structures can be kept toa 
bare minimum, thus minimizing chances of 
flashovers and reducing cleaning mainte- 
nance. 


2. Apparatus can be given extra durable 
paint finishes by the manufacturer. Some 
manufacturers offer what are known as 
“subway” finishes, which include better 
priming protection than the standard 
finishes. These are well worth the added 
cost in the corrosive places, including those 
near salt water. Equipment finishes should 
always be gone over after installation to 
cover up shipping and installation abrasions. 


3. Line hardware, copper bus and tower 
structures can be painted with any good 
corrosion resistant paint to better preserve 
the metal. A very effective means of pro- 
tecting outdoor copper bus work, line hard- 
ware, high-voltage disconnecting switches, 
and steel work is to coat heavily with 
General Electric Company outdoor Glyptal 
or equal of other manufacture. This type 
of finish is extremely durable and resistant 
to corrosion of most types and has been suc- 
cessfully applied to many such installations. 


In general, dry-type transformers and 
high-voltage air circuit breakers are not 
satisfactory for use in locations where any 
corrosive atmosphere is present, unless 
completely air conditioned because of the 
corrosive effects on inside air passages and 
parts. Lower-voltage indoor switchgear 
and load center transformers should be 
located in air conditioned rooms. This 
applies even up to 13,000-volt primary 
distribution apparatus which is available 
in complete metal clad form for safe in- 
door installations. 

Liquid filled switchgear and_trans- 
formers are inherently protected on the 
inside by the cooling medium, and the 
protection of the exterior only need be 
considered. 

Careful maintenance and _ painting 
schedules should be established to guard 
against the development of spots where 
corrosion may start or to prevent con- 
ducting films from forming in excess on 
insulators. Chemical dusts or liquids de- 
positing on porcelain insulators during 
dry weather may become highly conduc- 
tive when the first rain or fog hits them 
and are a possible source of flashover. 
Where such conditions are present in- 
sulators should be cleaned frequently. 


Protection of Control Equipment 


Motor control equipment and small 
control apparatus in general must very 
often be located close to the equipment 
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to be controlled and the selection of loca- 
tions removed from undesirable atmos- 
pheric conditions is not as easy as in the 
case of heavier power equipment. The 
use of enclosed air conditioned control 
rooms into which apparatus may be 
grouped is very desirable. This affords 
good protection and allows the use of 
standard control apparatus with attend- 
ant relatively low initial cost of equip- 
ment. 

Where a source of clean air is avail- 
able, control rooms may be pressurized by 
forced ventilation. In some cases the air 
may be filtered and washed to remove 
moderate dirt or gas content. Where no 
good outside air is available the room may 
be sealed tight and the air circulated 
through a surface cooling and filtering 
unit. Usually the concentration of cor- 
rosive agents in a room thus conditioned 
may be kept very low if no outside air is 
admitted. Ifasmall amount of relatively 
clean air is available it may be introduced 
to pressurize the room. A cooling and 
filtering unit may be used to recirculate 
the main volume of air in the room where 
normally a large volume of outside air 
would be required from a source not de- 
sirable for the entire purpose. Surface 
cooling units must be large enough to ab- 
sorb all heat losses of power equipment 
located in rooms so conditioned. In 
general, the humidity should be kept low 
to prevent equipment from sweating 
when shut down and cold. 

In rooms thus air conditioned, standard 
apparatus will give good reliable service. 
Maintenance is reduced to a minimum, 
paint jobs last longer, temperatures are 
easily controlled, and workmen take more 
interest in proper upkeep of equipment. 
Dirt, another enemy of electric apparatus, 
does not accumulate so rapidly and what 
does enter is more likely to be removed by 
maintenance men. Even the improved 


Figure 8. An air conditioned concrete block 
vault within a building and for protecting 
motor control cubicles from gas and moisture 
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Figure 9. An enclosed pressurized balcony within a building and 
protecting load center transformers and switchgear from heat and 
moisture 


morale among operators and maintenance 
men resulting from these better conditions 
is not to be overlooked. 

Enclosures for this purpose may be 
constructed of wood, steel and transite, 
concrete, brick, concrete blocks, or other 
suitable materials which meet fire under- 
writers requirements for the location and 
class of apparatus to be housed. They 
may be either inside or outside of main 
buildings, but the important thing is to 
provide a clean air supply and to exclude 
all corrosive agents. Figures 8, 9, 10, 11, 
and 12 illustrate some typical types of en- 
closure construction. The means of air 
conditioning may vary to meet conditions. 
Sometimes the air must be washed and 
filtered. Often it must be heated or 
cooled. Again, a surface cooling unit is 
the best arrangement. Many existing 
plants are carrying on modernizing pro- 
grams which include this class of protec- 
tive work even where relocation and 
grouping of apparatus are necessary. 

Where it is necessary for apparatus 
such as push buttons, rheostats, con- 
trollers, instruments and similar devices 
to be in the open, they should be of water 
and dust-tight construction. There are 
many types of these devices to select from 
but careful consideration should be given 
to the class of corrosive agent to which 
they will be exposed, bearing in mind 
that not all materials are affected in the 
same degree, and that very often a num- 
ber of different corrosive agents may be 
present. Hence the necessity for con- 
sidering each application separately. 

As mentioned before, cadmium plating 
of copper and other vital parts has been 
used with some success and has offered 
protection against some corrosives where 
the expense of air conditioned enclosures 
is not warranted. It also has been found 
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very advantageous in exposed installa- 
tions in relatively mild corrosive locations 
to heavily coat all metal work including 
copper busses, steel enclosures, and con- 
trol devices with Glyptal type paint. 
The inside parts of the equipment in par- 
ticular should be coated heavily, since it 
is very difficult to get at these parts to 
recondition them without excessive time 
outages after corrosion has started. 

Bus compartments of metal-clad 
switchgear and motor control cubicles 
should be given particular attention and 
treatment if they are to be exposed to 
even a mildly corrosive atmosphere, since 
inspections are usually infrequent after 
they are placed in operation and recon- 
ditioning later is usually a major opera- 
tion. In some applications cadmium- 
tinned bus is used, and very often bus 
work is heavily taped and painted to ex- 
clude air. Around moist locations it is 
very desirable to support busses and dis- 
connecting switches above 600 volts on 
porcelain since most other types of in- 
sulation such as ebony asbestos, fiber, and 


Figure 11 (right). A recent 
installation of load centers, 
lighting transformers, motor- 
generator sets, and motor con- 
trol cubicles in an air condi- : 
tioned room for serving a : 
pulp mill wood chipping plant i 
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See 


Figure 10. An enclosed pressurized balcony protecting motor control 


cubicles 


plastics are subject to moisture absorp- 
tion and possible breakdown of insulation 
resistance. Surface leakage is a very 
common failure on ebony asbestos and 
other similar materials even in 440-volt 
service where moisture is present. Where 
bare bus is supported at a number of 
points by such materials which have been 
exposed to moisture, it is often impossible 
to get a satisfactory insulation resistance 
test on the bus. 

In summary, experience is proving that 
for most installations where the best of 
conditions are not to be had, all possible 
effort should be made to group main con- 
trol equipment together in enclosed air 
conditioned rooms, and to carefully select 
the proper type of materials and type ot 
construction for all other apparatus which 
must be exposed. 


Protection of Rotating Apparatus 


Of necessity, many drive motors must 
be located in some of the worst places in a 
plant. Before the totally enclosed fan- 
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cooled motor was developed, the most 
common means of protecting motors was 
to cover them with sheet metal hoods. 
This afforded protection only from dirt or 
water falling on them and not from splash, 
vapor, or dirt being drawn into the wind- 


ings. A typical example of this type of 
protection is illustrated in Figure 6. In 
fact, the way that open motors have stood 
up in past years on some applications is 
nothing less than phenomenal. 

The other side of the story, however, is 
that they do not all stand the abuse 
equally well, and present-day installations 
and production schedules place more ex- 
acting demands on the motive power 
equipment than in the past. To meet 
these demands the manufacturers have 
constantly been striving to make rotating 
apparatus more reliable for all conditions 
of operation, and one outstanding de- 
velopment has been the totally enclosed 
fan-cooled motor. Variations of this, 
namely, the totally enclosed force venti- 
lated, the totally enclosed nonventilated, 
the totally enclosed surface cooler cooled, 
the air tube cooled, and the water tube 
cooled motors have been developed, but 
all toward the same purpose—protection 
of vital parts against moisture, dirt and 
corrosion. For drives up as high as 1,000 
horsepower totally enclosed fan-cooled 
motors are available, and are the best 
answer to the motor protection problem 
in ‘many industries. In this class of 
motors the bearings are all sealed and the 
windings, the most vital part of any 
motor, are completely sealed from the 
outside. They are occasionally equipped 
with weep holes or breathers to prevent 
moisture accumulation within the motor 
when temperature changes cause excessive 
breathing of moist air. 

Dripproof and splashproof motors are 
widely used, but they will not protect the 
windings against corrosive gases, vapors, 
moisture or dirt when the motor is run- 
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Figure 12 (left). Another view 

of room in Figure 11 showing 

variety of apparatus in one 
room 


Figure 13 (right). A pres- 

surized enclosure protecting 

an 800-horsepower wound 
rotor log chipper motor 


ning. These agents are more or less free to 
enter the motor by means of the suction 
action of the rotor fans and are plastered 
around the windings in the same manner 
that they would be in an open motor. 
When they are down and cold, condensa- 
tion may take place even on the inside of 
the motor particularly following a sudden 
rise in air temperature and humidity. 
No perfect impregnating treatment has 
yet been developed that will withstand 
the ravages of corrosive agents on motor 
windings and frequent reconditioning is 
required, unless motor windings are 
shielded completely from all these condi- 
tions. 

The totally enclosed motor accom- 
plishes this, and its use is becoming in- 
creasingly widespread in many industries 
including many steam power stations 
where greater reliability is needed on feed 
pumps, draft fans and fire pumps. A 
typical example of a standard totally 
enclosed fan-cooled motor is shown in 
Figure 6. 

Most totally enclosed motors of stand- 
ard design are built with cast-iron frames 
and are quite satisfactory in nearly all 
corrosive atmospheres. This is due, as 
mentioned before, to the reasonably high 
resistance of cast iron to many corrosives 
and, possibly, somewhat due to the thick- 
ness of metal usually involved. Some of 
the later totally enclosed motors have 
pressed steel frame parts, and while it 
appears to many users that the cast iron 
is preferable, the specially treated heavy 
steel construction has withstood some 
very rigorous tests. 

Motor manufacturers have recently de- 
veloped a class of totally enclosed motor 
which is designed particularly for use in 
corrosive atmospheres and known as the 
chemical motor by one manufacturer, 
The smaller sizes of these are made of 
heavy pressed steel construction bond- 
erized and treated in various ways to 
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make them highly resistant to most cor- 
rosives. In the iarger sizes they are still 
made of cast-iron frame construction with 
special features to make them corrosion 


resisting. It appears that the develop- 
ment of this new chemical motor is an 
improvement in corrosion-resistant motor 
construction, and, though experience to 
date has pointed to the cast-iron frame as 
being quite satisfactory for most ap- 
plications, the motor especially built for 
corrosive applications should warrant at- 
tention. 

The cost of large sized totally enclosed 
fan-cooled motors is relatively quite 
high, as compared to open motors, and 
for drives above 500 horsepower the use 
of other means of protection may some- 
times be more economical. Some of those 
other means include using totally enclosed 
force ventilated motors where clean air is 
available; building an enclosure around 
an open motor and pressurizing it with 
clean external air, as shown in Figure 13; 
or building a sealed enclosure around an 
open motor and conditioning the enclosure 
with a surface cooling unit. The invest- 
ment in motors of this size is sufficient to 
warrant the use of surface cooling units 
and enclosed rooms to reduce mainte- 
nance and insure reliability. Starting at 
about 1,000 horsepower there is consider- 
able merit in going to closed air systems 
similar to those used on turbogenerator 
units with surface cooler built into the 
foundation under the motor. In many 


applications a motor of this size is equally — 


as important to plant operation as a tur- 
bogenerator and warrants the same pro- 
tection. Large pumps, fans, grinders, and 
log chipper drives are typical examples 
worthy of this class of winding protec- 
tion. 

Motor generator sets are very often 
located in air conditioned control rooms 
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along with load centers and other control 
equipment. Direct current motors may 
be protected in the same way as induc- 
tion motors. Totally enclosed nonventi- 
lated d-c motors are serving in many 
severe applications and doing well as long 
as outside air is excluded completely. 
Totally enclosed fan-cooled d-c motors 
are widely used. Likewise totally en- 
closed force ventilated d-c motors such as 
shown in Figure 7 exclude undesirable ele- 
ments from vital parts very effectively. 
In fact, the performance of totally en- 


‘closed motors of all types has been so 


satisfactory for most applications that 
some users specify them exclusively, re- 
gardless of the application. 


Protection of Wiring Systems 


In treating of corrosion problems, the 
protection of distribution circuits and 
motor and control circuits is not to be 
overlooked. Many failures result from 
moisture or corrosive gases circulating 
through conduits and rusting through the 
conduit or eating away the insulation and 
even the wire. All conduits in any corro- 
sive location should be completely sealed 
against air circulation. This should also 
apply when a conduit leaves a warm area 
and emerges into a cold area. Naturally 
air circulates from the high-pressure areas 
to the low-pressure areas, and if the cir- 
culation is through a conduit from a warm 
portion to a cold portion, condensation 


takes place with resulting possible damage 


to the inside of the conduit and the wires. 
The use of Everdur copper conduit has 
been very effective in locations where 
corrosives that attack steel, but not so 
readily copper are present. Black or 
galvanized conduits are not satisfactory 
in corrosive places unless kept heavily 
painted. 

Sherardized conduits are much better 
but must also be kept well painted 
in most bad locations. There are avail- 
able conduits with specially treated sur- 
faces over the sherardizing which improve 
the corrosion resistance, and experience 
has proven that the original cost of these 
materials is small compared to frequent 
replacement. 


The importance of good paint and fre- 
quent painting for conduits and fittings 
exposed to corrosion cannot be over- 
emphasized. Corrosion of unprotected 
metallic conduits may be extremely rapid 
under some conditions, and when con- 
duits are eaten away and wires left ex- 
posed to mechanical injury they present 
a potential hazard to personnel and to 
continuity of electrical service. 

Neither can the importance of high- 
grade wire be overemphasized under such 
conditions, to minimize the chances of 
damage to wires when water enters a 
conduit, and to protect them mechani- 
cally when the conduit rusts away. 

Some plants are even using direct 
burial types of wire in conduit installa- 
tions above ground to insure reliable per- 
formance. The various makes and 
classes of neoprene jacketed wires are 
gaining recognition in many industries for 
use under the most severe conditions due 
to their moisture, corrosion and heat re- 
sisting properties, and their ease of 
handling. The use of preassembled aerial 
cable is becoming quite common and this 
type of cable is now available with plastic 
type coatings on the messenger cable and 
bandings to protect them against corro- 
sion. 


Conclusions 


It is only fair to mention that the state- 
ments and observations presented in this 
paper are the results of actual experience 
and research in pulp and paper mills of 
one company in northwestern Washing- 
ton, and of exchanging ideas and observa- 
tions made by other similar industries in 
the same area. Due credit should be 
given to the fact that there may be some 
industries whose experiences do not agree 
entirely with those set forth herein, and 
that perhaps much could be added to 
make a paper on this subject more com- 
plete by taking a larger field into ac- 
count. | 

However, many interesting incidents 
and experiments could be cited to corrob- 
orate some of the statements made in the 
preceding paragraphs and they would all 
point to these conclusions: 


1. Heat, moisture, and chemicals are in- 
separable from many industries. 


2. Electric equipment does not perform 
reliably in corrosive atmospheres resulting 
from them. 


3. Something can be done about it. 


This paper deals with a subject which is 
largely of a practical nature. It involves 
no mathematical data, unless it might be 
that which expresses the action of acids, 
alkalies, salts, and so forth, on metals and 
on insulating materials. It presents no 
specific figures showing dollars and cents 
savings to lay before management when 
talking in terms of spending money to 
save money. 

We might look at the proposition of 
corrosion protective measures for elec- 
trical apparatus the same as if we were 
purchasing a new automobile and trying 
to decide whether to build a garage to 
keep it in or let it stand outside, whether 
to wash and wax it occasionally or let the 
mud and rust accumulate, and then try to 
determine how much more or less money 
we could sell or trade it for in a few years. 
Or, to put it stronger, if we are building a 
plant of any sort should we select good 
equipment and take good care of it, or 
should we neglect and abuse it. 

These are easy questions to answer but 
hard to evaluate in dollars and cents. 
Sometimes the equipment failures and 
lost production speak for themselves and 
sell the idea of proper protection against 
corrosion, but often the only selling point 
one can present in support of a protection 
program is the improvement in general 
appearance, safety, employee morale, 
stability of operation, product, and 
general reputation of the plant and its 
operators, and then we should ask this 
question—Are neatness, cleanliness, order- 
liness, employee morale, safety, and re- 
spect for machinery important to plant 
operating costs? 

If a plant is to operate on a solid foun- 
dation and remain stable over a long 
period of years, they are very important; 
and the proper protection of equipment 
vital to production plays an essential part 
in establishing and perpetuating these 
conditions. 


Discussion 


Herbert A. Rose (Westinghouse Electric 
Corporation, Seattle, Wash.): Mr. Springer 
should be commended for his valuable paper 
in which he gives so many bases of approach 
to the problems of what ‘‘to do about corro- 
sion.”” The paper deserves careful reading 
by both manufacturers and industrial users 
of all forms of electric apparatus. He indi- 
cates the best solutions to a problem may 
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very well rest with the manufacturer and 
user alike. Unless this point is fully appre- 
ciated by both, an unsatisfactory installa- 
tion can easily result. 

The author justifiably uses the word 
“corrosion” in a broad sense to cover the 
effects of contamination which may be re- 
sponsible for equipment failure, regardless of 
whether the agents of corrosion are present 
or not. A motor installed where it can be- 
come plugged with pulp will fail just as 
surely as one located in an adjacent room 
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contaminated with wet chlorine fume. In 
this connection I believe that many poor 
installations of individual pieces of electric 
apparatus could be eliminated by joint con- 
sideration of the contamination problems by 
the plant layout engineers and the electrical 
maintenance superintendent. 

The superior protection afforded by 
totally enclosed fan-cooled motors against 
many forms of contamination and corrosion 
can hardly be overstressed. These motors 
cost about 40 per cent more than the usual 
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open drip-proof motor. The cost of making 
a single “rewind” will usually pay for the 
initial price difference without considering 
the costs assignable to lost production and 
emergency repair crews. It is somewhat 
difficult to understand why open-type 
motors are tolerated in many of our modern 
pulp and paper mills. 

Where bad corrosion and contamination 
problems are involved, serious consideration 
should be given in layout of new plants and 
the rehabilitation of old ones to placing 
groups of electric apparatus in protected 
rooms. 

Particularly is this advisable for the 
primary power switchgear, load centers, 
low-voltage switchgear, motor control cen- 
ters, rectifiers, motor generators, and special 
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control equipment. It would appear to be 
far more economical to protect standard 
low-cost apparatus by such means than to 
continually replace and repair it under un- 
protected conditions, or to purchase special 
apparatus to withstand the corrosion. The 
heat losses can be easily and economically 
removed from the room by water to air heat 
exchanger or by piping a clean source of fil- 
tered air to the room, 


Harold E. Springer: In his discussion on 
this paper, Mr. Rose has emphasized the 
joint responsibility of the manufacturer and 
user alike in working out solutions to the 
corrosion problems, 

Many unsatisfactory installations of elec- 


tric apparatus in contaminated atm@spheri 
conditions result from lack of information 
experience on the part of both manufact: 
and user relative to the application. 


being alert to the corrosion problem is com- 
mendable. 


Handling Logs by Electric 
Motocylinders 


H. A. ROSE 


MEMBER AIEE 


AWMILLS and log breakdown plants 
have for years employed various 
forms of specialized machinery to produce 
reciprocating and oscillating forms of mo- 
tion for moving the logs, cants, and boards 
during the breakdown process. The vast 
majority of these operations have been 
performed by steam, air or water cyl- 
inders with piston connected directly to 
the mechanism. These cylinder and 
piston type operators have been well 
suited to the applications, being simple 
in construction, fast acting, powerful in 
small size, of low cost and readily manu- 
factured in rugged forms required for the 
service. 

Their disadvantages which in the past 
were of little if any consequence are today 
gaining considerable economic importance 
in the industry, namely: 


1. Wasteful of steam (air) when total 
losses incident to its generation, transmis- 
sion, and utilization are included. 


2. Maintenance of the over-all system is 
high, including problems and cost of cyl- 
inder lubrication. 


3. Presents problems of freezing in locali- 
ties subject to low temperatures, 


4. Investment and operational costs of 
the steam generating plant are high if mill 
could otherwise be designed so as to essen- 
tially eliminate its need. This factor be- 
comes of prime importance for small saw- 
mills and isolated wood mills where pur- 
chased power can be had at attractive rates. 


Paper 51-302, recommended by the AIEE General 
Industry Applications Committee and approved 
by the AIEE Technical Program Committee for 
presentation at the AIEE Pacific General Meeting, 
Portland, Oreg., August 20-23, 1951. Manuscript 
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ing July 11, 1951. 

H. A. Rose is with the Westinghouse Electric 
Corporation, Seattle, Wash. 


The author wishes to give credit and express his 
appreciation to Mr. Paul Jones for valuable con- 
sultation and assistance leading to the preparation 
of the material for this paper. 
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The Motocylinder 


Of recent years a new type of electric 
motor thrustor operator! called the 
“Motocylinder” is receiving increased 
consideration and application in the in- 
dustry. The name is a contraction of its 
mode of operation and the name of the de- 
vice for which it substitutes. Its principal 
advantage accrues from the fact that 
only electric power is required for its com- 
plete operation, the factor which has be- 
come of major economic importance in the 
selection of types of mill drives. 

The motocylinder is essentially a gear- 
motor with a short powerful crank 
mounted on its output shaft, as shown 
in Figure 1. The crank is connected to 
the device to receive reciprocating motion 
by a connecting rod. Electric limit 
switches associated directly with the 
crank cause the motor to stop at defi- 
nite stroke positions as determined by an 
electric motor-mounted brake. Opera- 
tion is by push or foot button, electric 
eye, or control switch. The units are 
powered by standard 3-phase high torque 
induction |motors capable of producing 
the required pounds lift at the crank pin. 
The gear ratio of the unit is chosen to give 
the operating time required for the thrust 
motion. The retrieve time equals essen- 
tially the thrust time. 

Motocylinders of the type described, 
having the crank associated directly with 
the unit are called true motocylinders. 
True motocylinders are used mostly for 
applications requiring normal values of 
thrust, speed of operationand crank throw. 


Offset Motocylinder 


For applications involving higher than 
normal thrust, slow speeds of operation, 
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abnormally long stroke or unusually 
heavy shock conditions, it often becomes 
desirable to set the crank apart from the 
unit and provide a chain sprocket drive 
between them. The drive unit for such an 
arrangement is called an ‘‘Offset Moto- 
cylinder.”’ The chain sprocket ratio will 
range fromm 1/1 to 5/1, the order of 3/1 
being most common. 


Applications 


Motocylinders have been applied to 
most of the thrust-motion applications of 
woodworking plants. It is believed that 
all applications can be successfully han- 
dled by them with the possible exceptionof 
the “nigger” for the log carriage. Table 
I gives typical motocylinder applications 
and the normal range of requirements for 
this class of service. The values given 
are subject to considerable variation de- 
pendent on specific requirements. To 
properly establish the type and size of the 
drive a detail study of each application 
should be made, including a kinematic 
scale drawing of the entire loaded mech- 
anism in its various positions of motion. 
The drawing is of considerable aid in es- 
tablishing the magnitude of forces in- 
volved. 


3-horsepower true motocylinder 
Compact construction of unit, motor 
mounted brake, limit switches and adjustable 
operating cams, heavily constructed nonad- 
justable base. Upper half of gear case remov- 
able for inspection without disassembling unit 


Figure 1. 
Note: 


1613 


NN 
° 


a 


MOTOR INERTIA - LBS.FT* 
° 


RPM X 100 


50 


> 
°o 


MOTOR SPEED 


FL 
’ MOTOR 


TORQUE 


Figure 2. Curve A, speed torque characteristic 


NO LOAD STARTS/ MINUTE 


ES nia 


t) 4 


20 3 


HORSE POWER - MOTOR RATINGS 


3 Figure 3. Curve A, permissible starting frequency of hoist type motors 


of Figure 1, accelerating rotor inertia only. Curve B, rotor inertia of 


of high torque, high 


slip, 1,050 rpm, 1/4 hour 55 degrees centigrade rise hoist type induction 


motor used to drive motocylinders. Curve B, con 


ventional high torque 


NEMA design C for comparison 


Motocylinder Ratings 


Motocylinders are given designation 
numbers for convenience in defining 
their characteristics—horsepower, output 
speed in revolutions per minute, and 
inches of stroke. For example, a 15- 
horsepower 41-rpm motocylinder having 
an 18-inch crank throw would be desig- 
nated as MC-15-41-18. 


quirements can be met, Table II gives 
standardized ratings using the preceding 
method of designation. Most sawmill ap- 
plications of true motocylinders can be 
satisfied from this table. It might be 
thought that a 41-rpm unit would be too 
slow for some operations. Experience 
shows for example that a MC-15-60-18 
unit, having approximately 0.5-second 
stroke time, to be very fast acting, in fact 


Although practically any range of re- too fast for many applications. High 
Table |. Typical Motocylinder Data for Sawmills and Wood Mills 
Type of Typical Typical Length 
See Moto- Stroke Range of Stroke 
: Fig. cylinder Time, of Hp in Inches, 
Motocylinder Application Number Drive** Secondst Ratings Typicalt 
Log haul unloader, heavy duty.... 9 ...... Os teres OO=1 On cera NO=500 caw 18 
Log haul unloader, moderate 
utyrenncn, ae Reed ae MEOlid cre: On7b—. Osan W025; 5 18 
Roll case unloaders, general 
PULPOSE. ec e eee e eee ee ee OM ain, IMS De OR TE=2 .Qan ie 7,5-20 ...... 18 
Log kickers, heavy duty.......... RO Sec at DP eres A 0.75-1.0...... 20-50 ..... 34 
Log kickers, moderate duty.......10* |... MEO toast Ol 7EnI Omer LOSDOMNNEeR Sd 
Deck stop and loaders............ BIST conc MEO Sse TEES) 55 acne 7.5-20 ......90° Rot 
Bin Stons., Heer co ase iDance Mae te eee ONES OMeae S27 Bee 18 j 
Liftgkidex, meee Oewetcscak nce Pig) ya i Oa ee OBSEN Boa detec EAL oooueckl 
Sid Lilta’ sah eee eee 16 Mee Me. cine GAIA pata S27 3b ee 18 
Lumber sweeps ‘‘Swedes”.....--.. i ee Mar nee ON mcr cna tede SoBe eee 24 
Lamberstapsvttntcn cia cccain LeGtea mee MS ocean OR ear ie) coocea Sta eae 8 
Cant unloaders........-.. +++... hie Une aa en. NETS o can LOY, Resta 12 
Parkerloaderssen seen een. ake cc, MEO. fc: NUM: ceo scscee ea. aie ann 24 
Barker unloader...........-..... Es ee eae Oe ae 0.75=1.5...... 16-75 48 
Ghipnerloader tc) kx oe ongs ccc ke eee On nae e580) San 7. Sabet Ob 
Cutoff SAW cece ees e cece eee eas 1G ee cries Ome oS ware Variable ...... OF 8ST aren. 60 
Log carriage loader............... i ce comes Me Oucenuen: OGY ccc 7.5-15 ......90° Rot 


* Except driven by true motocylinder. 
** (M =true motocylinder) (O = offset motocylinder) 


t Stroke time faster than 0.75 second should be avoided unless necessar 
ments. Those faster than 0.5 second are generally impractical, 


y to meet operational require- 


t Values given are subject to considerable variation depending on layout of the specific mechanism 
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hoist type motors of Figure 1, pounds squared feet 


speeds are to be avoided when not needed, 
as the cost of the unit is adversely: af- 
fected and the higher inertia forces which 
always result cause unnecessary wear and 
tear to the entire mechanism and building 
supports. 


Drive Motor Characteristics 


Most motocylinder applications require 
motors having high starting and pull-up 
torque characteristics to rapidly acceler- 
ate a moderate amount of inertia or to 
start against a heavy dead weight load, or 
both. They must also be capable of fre- 
quent starting without overheating, In- 
termittently rated high torque hoist-type 


we 


Figure 4. 5-horsepower motocylinder operat- 
ing heavy duty pin stops on spudding deck, 
details in Figure 12 
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L-3 L-! Figure 5 (left). 
EM.PB bane " Typical control 
La, eas 6o— diagrams for 
Ona ‘a motocylinder 
7 A operated log-slip 
oF. Pa unloader, see 
SCHEMATIC DIAGRAM Figure 9 


OPERATE PB-, 


Fi 6 (right). 
EM STGe Sy oes Sil 


20 - horsepower, 
/ heavy duty moto- 
cylinder roll case 
unloader. Note 
safety guard for 
crank and con- 
| necting rod 


y- CRANK 


CAMS~ LS- o- 
DIAGRAM 


WIRING 


induction motors with National Electri- 
cal Manufacturers Association (NEMA) 
design D characteristics? meet these re- 
quirements, either as totally enclosed non- 
ventilated (TENV) or protected drip- 
proof types. Hoist-type motors are in- 
tentionally designed for frequent starting, 
a requirement of most motocylinder ap- 
plications. 

Figure 2, curve A, is typical of the 
speed-torque characteristics of hoist- 
type motors. The starting torque is the 
maximum torque and is approximately 
300 per cent of the full load value. Curve 
B is typical of a general purpose class-C 
motor and is shown for comparison, par- 
ticularly as regards differences in starting 


Figure 7. Automatic moto- 

cylinder operated roll case 

unloader transferring log to 

deck chains. Operation ini- 

tiated by farthest end of log 

breaking light beam of electric 
eye control 


cylinder is taken at 250 per cent of the 
motor rating which allows sufficient re- 
serve torque to assure positive accelera- 
tion of the maximum loads. In making 
an application it is therefore the maximum 


torques. The thrust rating of the moto- load which sets the required rating of the 
Table Il. Standard Motocylinder Ratings 
Inches Stroke 8 12 16 18 20 24 
Equipment 
Number Maximum Pounds Thrust Capacities 
MC-1-41-*,.,.... O00 varies GOOF iene eur ABO cusiace BOO. leans QO iar onsen 300 
MC-2-41-*,..,... LOO aii sone DO Olsters ieruin BOO: ccorercttets BOO castrate BNO ra veuaternte: 5 600 
MC-3-41-*,...... Bi OOO) corarne ns Li SOO Pir ie: es aes T0003 sicceniees 1 BOO ey wih Nee OO tre caren 900 
MC-5-41-*,...... DR OOO ie «ss, OOO Mr ance ete DART AUD tronmne ti AO ahamadia as A SOO wrorel «yard 1,500 
MC-7.5-41-*.,,.. TOO Oi weleleusirca HIPLULELUS Seige citer By DOO Mevareicn tes OOO evens COOK e riele dace 2,500 
0h a GH000h ace wus Ay BOOP Mma AOD OEM RB OOO sac c.cak 3,000 
EEE Fog. c'a a eastv 9 Sie 9/4 0 to's OEOOOk e cewcarere BBO mame cn GS OOO' vier nies SOOO carer oe 4,500 
COX Ee eee THE OOO aa a ahs 3, 500 nee DOO were 6,500,.......5, 500 
MG-1-22-*....... BON A cre are cco E200 SG siete ice SOON iets non SOUS rate « OO Mei riascraate 600 
Wit2-22-",,...2+3, 400... 00006 Big OOO aicdey avalos L800 7 irons NOOO. rewiteted LE BOO) earn « ectte 1,100 
MC-8-22-*,...... G20 teteten ete AA ZOO aia oer 3, 200 ray: BE SOGW ita DOO i eters oes 2,000 
1.108) 00) 5) piataret eiacea¥. 4K CO BOOK retetaicee 4) (BOD weseser ese a's A OO ite wtawssase 8,800 i. enemy LOU 
TEES 6 sos 0.00 elec aes sien ODOC ee acenaly 1 (OOO Were a Nt tiv C400 i ica aus csr Dr SOO irae erent 4,200 
RMR ae™ Sc sc ndiceeseres PU DOO ior ecereisrele $500 vata-ar.. Te OOO tatere aise Wig OOO | crersielernta 5, 800 
(ONS DE UB OOO cniesiecr LY /OQ0 serrate ots OP OOO ri arcitiasns OOOO arecein mie 7,500 
MC-20-22-* Off Set Types 


* Add stroke length to complete motocylinder number, 


1951, VoLume 70 


Rose—Handling Logs by Electric Motocylinders 


motocylinder 
Similar to Figure 14. 
Note heavy construction of parts and shock 
absorbing spring at top end of connecting rod 


Figure 8. 7!/2-horsepower 


operating jump skids. 
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LOG DECK 
ROCKER SHAFT 
TRANSFER CHAINS 


OFFSET CRANK 
12" CRANK RADIUS 


ADJUSTABLE SLIDE BASE 


Figure 9. Heavy duty offset type moto- 

cylinder operated log-slip unloader. Logs 

weighing from 15 to 25,000 pounds, after 

being cut to length, can be handled by this 
type drive 


Figure 10. Offset motocylinder log kicker 
for transferring logs from log slip to log deck. 
Also suitable for roll case unloading 


72 LIFT 
5 FT.DIA.LOG 


am 
--! 


SHOCK ABSORBER SPRING 


OFFSET MOTOCYLINDER 
CHAIN SPROCKET DRIVE 


y UNLOADER ARMS 
= 


72" DIA.LOG 


LOG ROLLS 


f—CONNECTING ROD 


Figure 11. 


drive. For the usual application the per- 
centage of maximum weight logs will be 
low. It is therefore usually permissible 
to apply the motocylinder near the limit 
of its capacity for the largest sizes, know- 
ing that the smaller ones will be handled 
considerably faster. 


and spudding decks. 


1 FT. DIA. LOG 


ic. 


LOG CARRIAGE 


SPRING CUSHIONED BULL SPROCKET 
SPRING LOADED IDLER SPROCKET 


stop and loader at the log carriage. 
sulting from fall of the log is cushioned by special spring loaded bull 


5 FT. DIA. ogg 


4 FT. DIA. LOG Ne =a 
‘ 
. if 


~ 


TRANSFER CHAINS 
LOG STOP AND LOADER ARMS 


CLASS C PINION SPROCKET 
OFFSET MOTOCYLINDER 


Offset type motocylinder arranged for operation of deck 


Shock to mechanical system re- 


sprocket and chain idler 


By nature of the application the motor 
is connected to line voltage only a small 
per cent of the total time and conse- 
quently receives almost negligible cooling 
effect from rotation. Its losses, however, 
for the stroking periods are compara- 
tively high on account of accelerating the 
inertia of the loaded system. There is 
therefore a limit to the number of starting 
operations or accelerations that a motor 
can make under such a duty cycle, and 


Figure 12. Motocylinder operated pin stops between log storage 


Shock absorbers similar to Figure 16 are de- 


: sirable if large logs are passed over decks 


BELL CRANK 
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TRANSFER 
CHAINS 


CONNECTING 
ROD 


9" CRANK RADIUS 
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30"LOG AT DECK STOP CANT LEAVING FLAT ROLLS CANT ON 
TRANSFER CHAINS FIXED DECK 
DECK STOP & LOADER LIFT SKID 
ANONCHAING 0 eA es) Se 
aa ee \ 


HINGE PIN 


apa CHAINS 


ROCKER ARM Syne 


LOADING 
9" SKID LIFT 


POSITION CHAINS 


ADJUSTABLE SLIDE BASE 


7——CONNECTING ROD 
LOG ROLLS ORIVE CHAIN 


Figure 13 (above). Offset motocylinder operated deck stop and loader 
to roll case. Note adjustable slide base to keep slack out of chain 


MOTOCYLINDER 


Figure 14 (right). Motocylinder operated lift skids for transferring 
cants from flat rolls to chain transfers 


not exceed safe operating temperature. 

Figure 3 gives typical data of the 
number of no-load starts that TENV 
hoist type, 1,200 rpm, 60-cycle induction 
motors of different ratings can make per 
minute and not exceed rated temperature 
rise. The starting frequency as taken 
from this curve applies for accelerating 
the inertia of the motor rotor only. The 
inertia of the load including the moto- 
cylinder gearing and brake increases both 
the rotor and stator losses, and conse- 
quently reduces the number of allowable 
accelerations essentially in inverse pro- 
portion to the net total inertia of the sys- 
tem. A simple generalization that can be 
made is that an external WK? equivalent 
to that of the rotor, when referred to the 
motor shaft, halves the values shown by 
the curve. For instance a 20-horsepower 
unit connected to an external inertia of 
6.35 pounds feet squared foot equivalent, 
would result in a permissible number of 
starts of 16 per minute instead of 32. 

The following formula gives the ap- 
proximate number of starting operations 


LS 
if, 
< Seas CHAINS 


FLAT ROLLS 
SWEEP ARMS 
—— = ROCKER SHAT 


12" CRANK RADIUS 


Pe ie 
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per minute allowable for a loaded system 
based on the curve values of Figure 3. 


WE? 


N=1—— 
DWKer?+ WK 


where 


N=allowable operations/minute for loaded 


system 

n=allowable operations/minute as given 
by Figure 3 

WKm?=motor rotor inertia as given by 
Figure 3 


LWKer?=summation of all other inertias 
referred to the motor shaft (inversely 
as the square of the torque ratio) 


Figure 13 shows a reversing type of off- 
set motocylinder drive, a type of control 
which normally requires two starts of the 
motor per cycle of operation and in some 
cases plug reversing of the drive for 
nudging the logs. This same log handling 
operation when performed by unidirec- 
tional rotation with different type of 
loader-arms approximately halves the 
number of starting operations required. 


Figure 15 (left). Motocylinder 
operated lumber sweep (Swede) 
for transferring lumber from flat 
rolls to chain transfer. These 


find afc) i 
| 


This application when handled by true 
motocylinder, also requires about half the 
number of motor starts. It is therefore 
important in selecting the type of drive 
that consideration be given to the starting 
frequency that will be required as related 
to the capabilities of the motor. 


Motor Enclosures 


Usual service subjects the unit to con- 
ditions of water, moisture-laden sawdust 
and wet bark. These, if allowed to come 
in contact with the windings will cause 
trouble and eventual failure of the motor. 
Tannic acids from barks such as hem- 
lock is particularly detrimental to in- 
sulation. Modern methods of hydraulic 
barking of logs results in fine mist spray 
from the working nozzles which can be 
carried into the windings of any nearby 
open type motors. 

For such motocylinder applications 
TENV motors usually make ideal drive 
units. For those few cases which may re- 


-CANTS 


LIFT SKID ARMS 


drives are usually fast acting—t1 
to 1.5 seconds complete cycle 
time required 


Figure 16 (right). Motocylinder 

operated lift skid and cant stop 

ahead of roll case. Shock ab- 

sorbers in connecting rod not 

usually required for these slow 
speed lifts 
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Figure 17 (left). 
Motocylinder 
operated _ cant 
unloader be- 
tween roll case 
and transfer deck 


CANT ON 
FLAT ROLLS 


2 as = 
/ 12"x24" | = 
Gee = a ele = 
Wf 
wy, FLAT ROLLS — 
CANT DECK 


TRANSFER CHAINS 


| 6" CRANK RADIUS 


=a | (Bs 


quire abnormally frequent starting, 
limited forced ventilation of the TENV 
motor may be required. The minimum 
amount of clean air necessary to carry 
away the heat losses should be passed 
through the unit, thereby avoiding un- 
necessary contamination of the interior 
parts. 

Figures 4 and 6 show the water-tight 
construction and compact assembly of 
the unit including the integrally-mounted 
weather-proof electric brake, Electrical] 


Figure 19. Motocylinder with wound rotor type motor arranged to 


operate cutoff saw. Control provides for speed 


of the drive in any position of the stroke 
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Figure 18 (right). 

Motocylinder 

operated lumber 

stop in section of 
flat rolls 


connections between brake and motor 
are made within the unit. The brake 
cover is easily removed for maintenance 
or adjustment. Figure 4 shows a usual 
case of water drippage and presence of 
moisture-laden debris. 

Where large quantities of dry sawdust 
are present, TENV motors should be 
used to avoid plugging of the air gaps and 
windings, even if some forced air cooling 
may be required on account of the fre- 
quency of the duty cycle. 


control and reversing 


“LOADER 


ARMS (2) 


12" CRANK RADIUS 
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Controls 


One of the principal advantages of the 
motocylinder is in the simplicity and 
flexibility of its control. It can be autom- 
atized to any degree required and con- 
veniently interlocked with other elec- 
trically controlled machines or mecha- 
nisms. Figure 5 shows a simple control 
system for a true motocylinder type of 
log-slip unloader. The unloader is con- 
trolled by two remotely located push 
buttons. One is for normal operation of 
the unit, the other for safety as an emer- 
gency lockout feature. Momentarily de-— 
pressing the operate button causes the 
motocylinder to start, make one com- 


Figure 20. (1). Heavy duty offset motocylinder for driving unloader 
mechanism of Bellingham hydraulic barker. 
cylinder operated deck stop and loader to Bellingham barker 


(2). Direct acting moto- 


—_—~ 
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UNLOADER SECTORS(1) 
BARKER TRUNIONS 


MOTOCYLINDER 


= 
LJ 


BULL SPROCKET = 
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plete revolution of the crank and auto- 
matically stop by limit switch action at 
the normal arms-down position of the 


unloader. The application is similar to 
that shown by Figure 9. 

Thermal overload relays forming part 
of the motor starter protect the unit 
against possible prolonged stalled condi- 
tions with the motor energized. 

The electric brake coil is connected 
across one phase of the motor terminals, 
which upon energization of the motor, re- 
sults in simultaneous brake release and 
starting of the motor. The events are re- 
versed when the unit is stopped. The 
brake is a-c operated and the circuit is the 
simplest type possible. 

Motocylinders result in very efficient 
log and cant handling operation when 
controlled by electric eye. Controls of 
this type may be had in many different 
forms either full or semiautomatic. For 
semiautomatic operation the control can 
be transferred to and from the electric 
eye at will, thus conserving the time of the 
inspector for other duties. Figures 6 and 
7 are examples of this type of control ap- 
plied to a direct acting roll case unloader. 
Figure 7 is an action photograph showing 
a log being lifted from the roll case, the 
action having been initiated by the far 
end of the log breaking the light beam of 
the electric eye control. 

Other operations which may, depend- 
ing on mill layout, be effectively con- 
trolled by electric eye are illustrated by 
Figures 9, 10, 14, 15, 17, and 18. 

Offset type motocylinders are best 
controlled by associating the limit 
switches with the crank shaft, or as a part 


Table Ill. Allowable Peak Shock Loadings 
for Class Ill Motocylinders 


Per Cent of Number of Peak Duration 
Motor Full Loads/Hour for of Shock, 
Load Rating 8 Hours/Day Seconds 
BON res sss + 235 A OE tent ope 0.5to 5 
iE: Se Be O erate cae acl 0.5 to 5 
BOO ocieiiie s vnw'a Mee Se 0.5 to 5 
Seber g clgi dain e+e HAS Occ ania tectete 0.5to 5 
MM acct a. si60s\ ice ORO Mave us konste 0.5to5 
22 eee ee ABEO eras cherees 0.5to 5 
DO leisrsra ROO! Oi jecsio 2 5 anus 0.5 to 5 
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Figure 21. Heavy duty offset 
motocylinder drive for a deck 
stop and loader. Note small 
limit switch cabinet at end of 
loader shaft. Chain is covered 
by safety guard designed for 
slack take-up by adjustable 
slide base. Bull sprocket is 
equipped with shock absorber 
springs, see Figure 13 for de- 
tails 


of the driven machine. Figure 21 shows 
a manually operated deck-stop and 
loader powered by an offset motocylinder. 
The limit switches are in the small water- 
proof cabinet at the end of the rocker 
shaft. See Figure 13 for construction de- 
tails. Reversing type automatic control 
initiated by push button is used, the 
loader shaft making only about 90-degree 
angular motion. The limit switches stop 
and reverse the motor in both extremes of 
travel. If the operate button is held 
down, rocking motion of the loader arms 
is obtained. If the button is released the 
arms automatically return to the normal 
“up” position. Forward and reverse 
“inch” buttons form part of the control 
for nudging logs into position. An emer- 
gency stop button also is provided. 


Gear Unit and Crank 


The gear unit of motocylinders is sub- 
jected to heavy duty since it couples the 
inertia of the high torque motor to the 
dead weight and inertia of the load. 
Frequent starting and stopping by brake 
action subjects the gearing and shafts to 
repeated shock and stress reversals. On 
account of the general severity of the 
service which prevails for almost any ap- 
plication, the gear units for all standard 
motocylinders should be capable of meet- 
ing the requirements of American Gear 
Manufacturers Association class III serv- 
ice designation for gearmotors,‘ char- 


Figure 22. Factory 

view showing moto- 

cylinders under- 
going test 
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acterized as moderate shock duty for 24 
hours a day and heavy shock for 8 hours a 
day. 

Some applications may subject the 
unit to peak loadings of considerable 
variation. The ability of gearing to with- 
stand heavy shock and overloading is 
recognized, providing the frequency of 
application is in inverse relation to the 
intensity of the allowable shock. Table 
III gives permissible limits for these con- 
ditions for class III gearmotor (moto- 
cylinder) units based on the premise that 
the peak loading will not exceed 5-seconds 
duration. That the stroke time of most 
motocylinders is considerably less than 5 
seconds is recognized. Special considera- 
tion should be given to the few applica- 
tions which do exceed the limits given by 
the table. 

True motocylinder drives which are 
subject to moderate or heavy shock 
should be equipped with shock absorbing 
devices in the linkage system to limit the 
peak values. These absorbers are usually 
short powerful springs associated with the 
connecting rod or lever system such as 
illustrated by Figures 9 and 16. The 
heavy spring can be seen at the top of the 
connecting rod in Figure 8. 

Offset motocylinder drives are partic- 
ularly desirable where a stalled condition 
of the load mechanism can be had with 
the crank at angles near top or bottom 
limits of throw. Simple analysis will show 
that forces of extreme magnitude can re- 
sult to the crank, connecting rod and 
driven mechanism in this case. Stress 
relieving springs should be provided in 
the connecting linkages of these drives to 
limit the forces to safe design values. The 
offset motocylinder fully protects the 
drive unit in these cases since the crank 
and connecting rod which are subject to 
the forces are removed from it. 

Offset motocylinders should always be 
provided with adjustable slide bases so 
that slack can be kept out of the chain. 
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Abnormal chain slack can result in un- 
necessarily severe shock forees being ap- 
plied against the entire system and will 
eventually result in failure at some point, 
Figure 9 shows a typical offset moto- 
cylinder drive with shock absorbing de- 
vices, 

Type B drive sprockets should always 
be used on offset motoeylinders, These 
sprockets locate the chain as close to the 
gear case as possible, thus minimizing the 
moment of the overhung load, The drive 
sprocket should have a pitch diameter of 
at least three times the diameter of the 
output shaft, 

Offset 
times preferred over true motoeylinders 


motocylinder drives are some- 


for applications where changes in speed 
or torque are anticipated, Considerable 
variation in these characteristics ean be 
made at later date by 


Ample power 


inexpensively 
change in sprocket ratio, 
in the drive unit. should be provided to 
cover the future consideration, 

In the preceding discussion considerable 
emphasis is placed on the importance of 
mininizing shock, ‘This is important for 
any type of drive if minimum destructive 
ness and lowest maintenance expense is to 
be expected, In this connection it is im 
portant to note that motoeylinder drives 
a a clase give a smooth sinusoidal form of 
motion and acceleration of the load which 
minimizes much of the shock and noise of 
operation so common to cylinder type 
operators, ‘The ease with which a moto- 


eylinder performs its task, regardless of 


Discussion 


H. , Springer (Rayonier Incorporated, 
Port Angeles, Wash,): Vor some years the 
forest industries have been seeking ways of 
handling logs, cants, and lumber more effi- 
ciently (han has been done in the past by the 
various steam, alr, and hydraulic devices, 

Of widespread interest alike to designers, 
operators, and maintenance personnel of 
sawmills and other wood eut up plants, the 
motoeylinder is a valuable contribution to 
the forest industries in many ways, Some 
of the more lmportant economic advantages 
are outlined in the paper, 

In addition to (hose listed, might be added 
ihe elimination of the steam, water, and oil 
vapor nulsanee which contributes substan- 
tially to dirt accumulation and to damage of 
motor windings; wiring systems, and control 
apparatus in plants where the steam or 
hydraulic eylinders have been used, 

Loaka in the steam, water, or oil systems 
ave dificult to completely eliminate and oil 
and water soaked dirt or steam and oil vapor 
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size of load, appears almost effortless and 
is indeed a pleasure to watch. 


Power Requirements 


The energy required for operation of 
any motocylinder is practically nil. This 
is because the unit including its electric 
brake is energized only during the operate 
period, In some applications regenera- 
tion takes place during the deceleration 
period at the upper limit of stroke, tend- 
ing to still further reduce energy con- 
sumption, 

The power supply for motocylinders 
should be from the same sources used to 
supply the other 440-volt mill motors, 
It is seldom that the size of the power 
center transformer need be increased in 
capacity on account of the motocylinder 
loads, 

A large motocylinder in the order of 
100-horsepower capacity should be sup- 
plied from a power source that will not 
suffer more than 10 per cent voltage drop 
at the moment the unit is energized. The 
locked kilovolt amperes per horsepower 
may be taken as five for such calcula- 
tions, 


Conclusions 


The motocylinder makes possible new 
and effective methods for powering log 
and lumber handling machinery. It is 
simple in operation and a versatile tool 
that can be inexpensively applied to prac- 


tically any operation requiring reciprocat- 
ing or oscillating forms of motion. Its 
power consumption and stand-by losses 
are practically nil. It is constructed in 
rugged form capable of withstanding the 
rigors of sawmill service. The absence of 
steam and water leaks tend toward a 
dryer cleaner mill which is conductive to 
lower. general maintenance and clearrup 
expenses. 

A considerable number of installations 
have been made in the mills of the Pacific 
Coast area. With the rapidly decreasing 
availability of steam power from sawmill 
waste, considerable increased use of moto- 
cylinder drives is forecast, both for new 
mills and in the rehabilitation of old 
ones. 

It is expected that the operators of 
eastern mills may also find the moto- 
cylinder an economic solution to many of 
their material handling problems. It 
should also be found useful in other indus- 
tries where readily controllable thrust 
motion is required. 
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seem almost inseparable from the older 
wood cut up industries. Elimination of 
these is immediately manifested in much 
cleaner appearance of the plant and lower 
maintenance costs, 

Power supply to the wood handling device 
also is simplified by use of the motocylinder. 

Very often the cylinder and piston type of 
device requires air, water, oil, or steam for 
the main eylinder and an additional supply 
of a-c or d-c power to operate a solenoid 
valve to control the prime power flow to the 
cylinder, 

The motoeylinder requires only one 
source of power, normally 440 volt, 60 cycle, 
3 phase and the control can be adapted to a 
wide variety of schemes for initiating the 
operation of the device. 

All things considered the motocylinder is 
demonstrating its value in.a number of re- 
cent installations on the Pacific Coast and 
while the proving ground of actual service 
has exposed a few defects, these have been 
minor and have been eliminated to a point 
where the motocylinder has made a place for 
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itself in industry and is worthy of more 
widespread use. 


H. A. Rose: The ideas introduced by Mr. 
Springer are very much appreciated. They 
represent the kind of advantages possessed 
by motocylinders from the operator’s and 
maintenance man’s points of view. The 
points which he has raised could very well 
have been given more attention in the paper. 
Improved cleanliness by eliminating water 
and grease is conducive to a cleaner, 
safer, and more orderly mill, and should 
reflect in higher production and improved 
operating conditions for the workmen. 
Although the motocylinder has to date 
been used practically entirely in the wood 
industries of the Pacific Coast, it should be 
given serious consideration by operators and 
plant engineers of other industries and sec- 
tions of the country. It has particular 
value in climates subject to extreme cold 
where freezing of water and steam lines and 
congealing of lubrication and hydraulic 
systems are encountered. ; 
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A 24,000-Kilovar Series Capacitor in a 
230-Kv Transmission Line 


R. E. MARBURY 
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Synopsis: The necessity for long distance 
transmission of electric power has grown 
rapidly during recent years. Line reactance 
becomes a problem of increasing importance 
when transmission distances continue to 
increase. Long lines cannot be loaded 
sufficiently for maximum over-all economy 
because of limitations imposed by transient 
stability and kilovar requirements. The 
most important alternative to reduction in 
equivalent line impedance by further in- 
crease in transmission voltage, is the use of 
line reactance compensation. Such com- 
pensation can best be obtained through 
the use of capacitors operating in series 
with the line conductors. To permit the use 
of series capacitors rated on the basis of 
normal load conditions, it is necessary to 
protect them effectively during line fault 
conditions. To make maximum use of line 
reactance compensation with capacitors it is 
necessary to by-pass and protect them only 
during line fault condition and reinsert 
them with minimum delay after the line 
fault is cleared. Lack of means for accom- 
plishing the latter has prevented the use of 
capacitors for line reactance compensation 
where the primary objective is increasing 
power transmission. While protective de- 
vices have been developed which are ade- 
quate for use with series capacitors when 
used to improve voltage regulation, they are 
by far too slow in operation to meet the 
requirements when series capacitors are 
used to increase power transmission. A 
protective means has now been developed 
which meets these requirements, and a 
24,000-kilovar series capacitor has been 
installed by the Bonneville Power Adminis- 
tration in a 230-kv line at their Chehalis 
substation, for the purpose of compensat- 
ing line reactance and increasing the power 
limits of this line. This is the first installa- 
tion of this type, and the first time a series 
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capacitor has been used in a high-voltage 
transmission line in the United States. 
The purpose of this paper is to describe 
this equipment and its method of operation. 


HE USE of series capacitors for line 

reactance compensation has been 
recognized for many years as a means of 
improving regulation and eliminating 
voltage dips caused by sudden changes in 
load. Such an installation on a 66-ky line 
was described in a paper by Johnson, 
Marbury and Arthur.' Many other and 
smaller series capacitors have been in- 
stalled for this same purpose during the 
last 15 years. In these applications sta- 
bility was not a problem and it was not 
necessary therefore to reinsert the series 
capacitor instantly following the clearing 
of a line fault. Failure to do so merely 
introduces a short period of operation 
where voltage dips and lamp flicker are 
present but can be tolerated. This fact 
permitted the use of a by-pass switch to 
transfer the current from the gap circuit 
to a switch circuit, such that the opening 
of the switch restores the series capacitor 
to service.| In applications where the 
series capacitor is used to increase the 
power that can be transmitted, the time 
required for these operations is far too 
great to permit of effective use because the 
system usually becomes unstable unless 
the series capacitor is restored promptly 
after the isolation of the fault on the line. 

In some cases the series capacitor may 


be used merely for impedance matching 
purposes, to control the division of current 
through parallel circuits. In such cases it 
may be possible to de-energize the circuit 
containing the series capacitor when a 
fault occurs on that portion of the cir- 
cuit. In such applications a protective 
gap may be used to protect the capacitor 
and this gap will recover its insulation 
during the period while the line is de- 
energized. However, tests have shown 
that in the case of relatively large series 
capacitors the period of de-energization 
required for satisfactory de-ionization of 
gaps is longer than can be tolerated in 
most cases. Also, if the gap restrikes 
when the line is re-energized it becomes 
necessary to extinguish the arc by the 
closing of a by-pass switch, thus removing 
the series capacitor from service during a 
period when it may be badly needed. In 
view of these facts there has been a need 
for a more satisfactory device, not only 
for the application where stability is in- 
volved but even for those where it is pos- 
sible to de-energize the line for a brief 
period following each fault. 

The protective device should not only 
protect the series capacitor while the line 
current is excessive but should restore it 
to service at the instant the fault is re- 
moved. In the case where the line is de- 
energized, the protective device should 
not function when the line is re-energized, 
even though the line is de-energized for 
only a few cycles. Such a protective 
device permits the use of capacitor units 
having a voltage rating based on the 
maximum continuous load current, and 
also permits of a relatively close pro- 
tection level. This close protection 
level may be used since the operation 
of the protective device does not create 
risks as to system stability. Oper- 
ation of the protective device takes place 
only during the actual periods of excessive 
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currents. It is expected that since these 
requirements have now been met the 
series capacitor will become a practical 
means of increasing the power capacity 
of existing transmission lines, and permit 
the use of longer lines. 


Rating of Series Capacitors 


Five basic factors go to determine the 
rating of a series capacitor as follows: 


1. Reactance. 

2. Maximum continuous line current. 

3. Maximum momentary line current. 
4. Maximum fault current and duration. 
5. Line voltage. 


REACTANCE 


The reactance of each phase of a series 
capacitor is determined by the line re- 
actance and the degree of compensation 
necessary to meet the objectives. It is 
not the purpose of this paper to discuss 
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the factors which influence a decision as 
to the amount of line reactance to be com- 
pensated by the series capacitor in a par- 
ticular case. 


Maximum ConTINUOUS LINE CURRENT 


The line current is determined by line 
requirements and is the maximum con- 
tinuous current expected to be present in 
the circuit in which the capacitor is in- 
stalled. The above line current when 
multiplied by the reactance gives the 
rated voltage. The product of the current 
squared and reactance gives rated kilovar 
per phase. The number of capacitor 
units required per phase may be deter- 
mined by simply dividing this kilovar by 
the rated kilovar of the standard capacitor 
units to be used. If the voltage obtained 
from the load current and capacitor ohms 
is close to a standard shunt capacitor unit 
rating such as 4,160, 7,200 or 7,960, then 
the standard shunt capacitor units may be 


Figure 3. Schematic diagram showing by-pass switch arrangement 
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Figure 2. Schematic 
diagram showing air 
blast gap arrange- 


C,,C,,C3, OR C4 = 83 CAPACITOR UNITS 


(a 


used. If this voltage is a multiple of © 


standard ratings, the standard units may 
also be used by means of series groups. 
For example each phase of a series capac- 
itor may be made up of two groups of 


7,960-volt standard capacitor units. Units — 


with standard kilovar ratings and special 
voltage ratings are sometimes required 


where the use of standard voltage units _ 


involves too much sacrifice due to the 
fact that the working voltage is too far 
below their rated voltage. 


Maximum MoMENTARY LINE CURRENT 


This is the maximum expected line 
current associated with load fluctuations 
such as motor starting. This value 
should not exceed 150 per cent of the 
maximum continuous working current and 
no operation of the gaps should occur 
under these conditions. 


Maximum FAULT CURRENT AND 
DURATION 


The expected fault current magnitude 
and duration affect the design of the by- 
pass gap, and particularly the current 
limiting resistor which is used in con- 
junction with the by-pass gap. 


First Transmission Line Installation 


The first installation of a series capac- 
itor in a transmission line for the pur- 
pose of increasing the transmission of 
power was energized February 23, 1951. 
This capacitor is located on the Bonne- 
ville Power System at the Chehalis sub- 
station, and is installed in a 230-kv line 


Figure 4. Schematic diagram showing means of detecting individual 
fuse operation 
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leading to the Longview Substation. The 
rating of the initial installation was as 
follows: 


1. Reactance 51 ohms. 


2. Continuous working current 312 am- 
peres. 


3. Momentary working current 468 am- 
peres. 


4. Fault current 3,200 amperes; duration 
15-cycle maximum. 


5. Line voltage 230 kv. 


The housings provide additional space 
for adding capacitor units to bring the 
reactance to 31.84 ohms, for a working 
current of 500 amperes and a 3-phase 
kilovar rating of 23,800 kilovars. 


General Requirements 


FAULT CURRENT PROTECTION 


Since a tenfold increase in voltage on 
the capacitor is expected corresponding 
to a line fault of 3,200 amperes, it was 
necessary to protect the capacitors from 
voltages in excess of a predetermined 
amount. This was accomplished by 
shunting the capacitor with a gap and re- 
sistor. The gap shown in Figure | breaks 
down when the voltage across the capac- 
itor exceeds 21/. times the capacitor con- 
tinuous rated voltage. The resistor in 
series with the gap is nominally 1!/, ohms 
and is used to limit the capacitor dis- 
charge current when the gap breaks down. 
This permits repetitive discharges to oc- 
cur for duration of the line fault without 
harm to the capacitors. 

After the fault current no longer exists 
and the current in the line is again normal, 
the resistor must be permanently dis- 
connected. This is accomplished by the 
use of a special gap designed in a manner 
to permit the use of a constant blast of air 
during the period current flows. The 
volume of air is made sufficiently large to 
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Figure 5 (left). 
One phase of 
Chehalis series 
capacitor during 
installation, 
showing the two 
housed groups, 
insulated from 
ground 


Figure 6 (right). 
Chehalis series 
capacitor installa- 
tion showing cir- 
cuit connections 


render the arc unstable so that it clears 
at each current zero. Thus the gap re- 
strikes on each half cycle, and is extin- 
guished at each current zero so long as the 
line current exceeds 250 per cent of 
normal. As soon as the system short is 
removed (by high speed relays and circuit 
breakers), and the line current is again 
near normal the gap will cease to break 
down and the resistor will no longer be 
connected in parallel with the capacitor. 

The flow of air through the gap chamber 
is initiated by gap current. Termination 
of gap current de-energizes the solenoid 
operated air valves and allows them to 
close. A time delay inherent in the design 
of these air valves allows the air to con- 
tinue to flow and complete the deioniza- 
tion of the gap and fully restore the gap 
insulation value. The gap circuit con- 
nections are shown in Figure 2. 

The operation is the same whether sys- 
tem relays and circuit breakers function or 
if the fault is self clearing. 


OVERLOAD PROTECTION 


Since the capacitor units must not be 
operated continuously above a predeter- 
mined voltage for thermal reasons it was 
considered necessary to provide overload 
protection.| The capacitors may be 
operated continuously at the rated cur- 
rent of 312 amperes plus 5 per cent cor- 
responding to standard practice for shunt 
capacitors. They may be operated for 
periods of 30 minutes at 135 per cent and 
5 minutes at 150 per cent voltage. Means 
were provided to prevent operation of the 
series capacitor in excess of these estab- 
lished limits. This was accomplished by 
the use of an inverse time relay arranged 
to detect overvoltage across the series 
capacitor through a potential transformer. 
Completion of contact by the relay ini- 
tiates the closing of a by-pass switch 
which then shorts out the series capacitor 
until manually reset. This by-pass 
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switch is a 15-kv indoor single-pole 
switch, arranged to remain closed by 
spring pressure, and to be opened by air 
pressure. The normal supply of air in the 
air blast reservoir keeps the switch nor- 
mally in the open position. The switch is 
caused to close by shutting off the air 
from the switch operating cylinder and 
dumping the air from this cylinder. The 
previously mentioned operation of the 
inverse time relay performs this function. 
Voltmeters are also provided to permit 
reading the voltage across the series 
capacitor. These are mounted so they 
can be read from the ground. See Figure 
3 for general arrangement of switches. 


FUSE INDICATION 


If several capacitor units are discon- 
nected from the group due to fuse opera- 
tion the impedance of this group in- 
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Figure 7. Detail construction of gap 
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Figure 8. Gap and air tank assembly 


creases, and the remaining capacitors in 
the group operate at a higher voltage for 
the same current flowing in the line. 
Since the series capacitor is insulated 
from ground, it is not possible to inspect 
the fuses conveniently as with a shunt 
capacitor, so it was felt desirable to pro- 
vide some indicating means to enable the 


Figure 9. Avir blast valve 
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operator to determine if some fuses had 
operated before such a condition reached 
a point where the operation of the capac- 
itors was seriously affected with respect 
to working voltage. 

This is accomplished by dividing the 
capacitor into two equal branches as 
shown in Figure 4 and providing relays to 
compare the current in these branches. 
Operation of these relays operates an air 
valve which in turn closes the by-pass 
switch. 

The closed position of the by-pass 
switch is indicated at ground level by 
means of a pneumatically operated relay 
located in the compressor station. 


General Construction 


The capacitor units are single bushing, 
7,960-volt 15-kilovar outdoor units. One- 
half of the total quantity of capacitors 
are standard shunt capacitor units. The 
other half are of special design with ap- 
proximately 20 per cent added dielectric 
to gain field experience in the event mor- 
tality rate should prove to be high with 
standard units. Subsequent experience 
however indicates that the protective 
equipment will adequately protect stand- 
ard capacitor units. 

Each unit is connected to the bus 
through a fuse especially designed to in- 
terrupt the stored energy in the large 
number of adjacent units. No fault cur- 
rent interruption problem exists, but the 
stored energy is quite large. 

One hundred and sixty-six of the 15- 
kilovar units are assembled in an outdoor 
steel housing and arranged in two groups 
of 83 units each as shown in Figure 4 
with a current transformer to compare the 
current in each group of 83 units. These 
housings have space for 288 capacitor 
units to provide for later change in the 
rating of the series capacitor to 23,000- 
kilovars and 520 amperes line current. 

Two of these housings are mounted 
on a platform 121/. feet wide and 80 feet 
long, which is in turn supported on 24 
columns of insulators. On a platform be- 
tween the two housings is located a tank 
for gap air supply, two gaps and two re- 
sistors. 

Figure 5 shows the two metal enclosures 
during installation, with the compressed 
air supply tank, two gaps and resistors in 
the center between the housings. The 
two housed groups shown are operated in 
series to give the rating of 51 ohms for 312 
amperes, or the contemplated rating of 
31.84 ohms for 500 amperes, in which case 
each group is protected by a gap and re- 
sistor, with one compressed air supply for 
the two gaps. The two groups may be 
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io 
reconnected for parallel operation, giving '~ 


one-fourth the reactance and twice the 
rated working current. When so operated 
one gap is disconnected. 

The 3-phase legs are placed side by side 
as shown in Figure 6, on 25 foot centers. 
The three phases of the series capacitor 
equipment are located within a fenced 


enclosure 100 feet wide and 135 feetlong. — 


Another larger fence encloses associated 
equipment consisting of by-pass dis- 
connects and air supply equipment. This 
outside fence encloses an area 125 feet 
wide and approximately 260 feet long. 


The Compressed Air Gap 


The gap consists of an inverted cup 
electrode of special graphite, a cylin- 
drical porcelain insulator, and a second 
graphite electrode located along the axis 
of the porcelain tube. The central elec- 
trode forms a gap in the cavity of this in- 
verted electrode, see Figure 7. 

When a flow of current through the 
gap is initiated by the breakdown of the 
gap, air is supplied to the bottom cham- 
ber from which it flows into the porcelain 
tubular insulating body. The only out- 
let for this air is down through the hole in 
the center electrode, from which it may 
escape to the outside air. 


The two portions of each phase leg of 
the series capacitor are each protected by 
a gap as described above, with a resistor 
connected in series with each gap. One 
tank supplies the air to these two gaps, 
see Figure 8. 
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Figure 10. Cross section of blast valve 
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Air Blast Valves 


One of the most important detail 
pieces of equipment is the air blast valves. 
These may be seen on either side of the 
assembly shown in Figure 8. These 
rather large air valves (11/,-inch pipe 
size) must be operated from a current 
transformer. The current corresponding 
to low load current in the line and even 
light load currents, if diverted through the 
gap must pick up these air valves so as to 
quench the arc if initiated by a surge. 
In addition, the valve solenoids must not 
suffer any damage on the fault current of 
3,200 amperes through the gap. This 
wide range of requirements was met by 
the use of a saturating current trans- 
former and surge damping resistor, with 
the solenoid coil designed for very low 
voltage. 

In addition to these requirements it 
was necessary to use a valve which would 
open in about 2 cycles after the solenoid 
is energized, and close with a delayed ac- 
tion to insure thorough removal of ionized 
gases following termination of the arc in 
the gap. 

It was also felt necessary to provide a 
type of valve that would not foul up and 
stick if it remains in one position for long 
periods of time. 

The valve shown in Figure 9 is a modi- 
fied form of a standard air valve. The de- 
tail construction of this valve is shown in 
Figure 10, and may be seen to consist of a 
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Figure 11 (left.) 
Air column 


Figure 12 (above.) 
Oscillogram of gap 
operation 


large valve operated by a diaphragm. 
The use of a diaphragm eliminates any 
problem of lubrication as would be the 
case with a piston. The solenoid lifts a 
magnetic member which has a slideable 
relation to a needle valve stem. The im- 
pact of this magnetic member against the 
stop on this valve pin jerks the seat open 
and admits air to the chamber above the 
diaphragm. Air enters this chamber 
faster than it can escape through the 
calibrated vent to the discharge side of the 
valve, consequently the pressure on the 
diaphragm opens the main valve. 

When the current stops flowing in the 
solenoid the needle valve closes. The air 
pressure on the diaphragm then dies down 
at a rate governed by the escape path, 
thus closing the main valve with a time 
delay. The time delay used is 7 to 10 
cycles. 


Insulating Air Column 


In this series capacitor installation it 
was considered desirable to locate the 
compressor at ground potential and 
operate it from a local 230-volt power 
supply. Also it was considered desirable 
to be able to reset the by-pass switches to 
the open position from the ground, and to 
provide an indicating means to show 
whether the by-pass switches, not visible 
from the ground, were in the closed or 
open position. 

These requirements necessitated an in- 
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sulated air column, containing three air 
lines: one to supply air to the gap res- 
ervoirs, one to reset the by-pass switches, 
and one to operate a pneumatic relay to 
show whether the by-pass switches were 
in the open or closed position. 

All three of these hose lines are as- 
sembled in a porcelain stack as shown in 
Figure 11. This stack has ample wet and 
dry flashover to withstand the line to 
ground voltage. Three outlets are pro- 
vided at the bottom and top castings for 
continuing these three air lines. The 
bottom connections go to the compressor 
house, while the top connections go to the 
air tank and proper air valves. Each 
hose line consists of a 3/8 inside diameter 
3/4 outside diameter special high-pres- 
sure synthetic rubber hose 57 feet long giv- 
ing a stress of about 2,300 volts per foot. 
The hose is coiled on a core approximately 
8-feet long, and compounded into the 
porcelain column. Activated Alumina 
dryers are provided at the compressor 
location to eliminate moisture condensa- 
tion in this hose line and maintain high 
level of insulation in the hose itself. The 
complete assembly was given a 485-kv, 1- 
minute 60-cycle test. 


Compressor House 


Only one compressor is required for the 
complete series capacitor installation. 
This compressor supplies air to a reservoir 
located in the compressor house. From 
this reservoir air flows through a filter, 
and pressure regulator and dryer. The 
latter regulates the air supply to the gap 
air supply tanks. Three air pushbuttons 
are also located in the compressor house, 
for resetting the by-pass switches pre- 
viously mentioned. Interlocks are pro- 
vided to prevent resetting these by-pass 
switches unless the main by-pass dis- 
connect is operated first to remove voltage 


1625 


from the series capacitor. The three air 
operated signal relays are also located in 
the compressor house. These indicate 
when operation of by-pass switches has 
occurred. 


Other Protective Features 


In addition, provisions were made to 
automatically close the by-pass switch in 
the event of loss of air in the reservoirs, or 
prolonged arcing of the gaps due to inade- 
quaté€ air supply or failure of air valve to 
open. Also to close the switch in the 
event of flashover the auxiliary back-up 
gaps. 

A ground switch is provided for ground- 
ing the platforms of the series capacitor 
and thus avoid the collection of static 
charges on the large housings and plat- 
forms. 


Operation of Protective Gap 


Figure 12 shows an oscillogram of a 
laboratory test which illustrates the 
operation of the compressed air protective 
device. In this test a 3!/2 ohm series 
capacitor was connected in a circuit 
which would produce a large current 
through the capacitor, and a current 
which would develop a voltage across the 
capacitor many times the breakdown 
setting of the gap, which was 2'/, times 
the continuous voltage rating of the series 
capacitor. The bottom trace shows the 
fault current which was allowed to flow 
for 31/, cycles, and then reduced to the 
normal continuous current rating of this 
capacitor which is 1,150 amperes. 

The voltage across the capacitor is 
shown on the trace second from the top. 
When the fault was applied to the capac- 
itor the gap broke down and limited the 


voltage on the capacitor to approximately 
21/. times its rated voltage. The low arc 
drop of the gap holds the capacitor volt- 
age down thereafter until the compressed 
air comes on. The energization of the air 
blast solenoid occurs when the gap breaks 
down as indicated by the trace second 
from the bottom. The effectiveness of 
the air is shown by the third trace from 
the top where the discharge air from the 
gap is made to operate a micro-switch. 
It will be noted that the air was dis- 
charging 21/2 cycles after the coil was 
energized, and the gap started to restrike 
at this time. About a cycle later the 
current through the series capacitor was 
reduced to the normal value of 1,150 am- 
peres and the are immediately went out. 
The termination of the arc is shown by the 
top trace and the de-energizing of the air 
blast valve solenoid as shown on the 
second trace from the bottom. The air 
actually shut off about 9 cycles later as 
shown on the third trace from the top. 
The model used for this test is consider- 
ably lower in reactance and has a much 
higher continuous working current than 
the series capacitor installation described, 
making the gap working conditions con- 
siderably more severe. Actual tests on 
the Chehalis installation are covered by 
an unpublished AIEE paper by C. C. Dia- 
mond, E. J. Harrington, and J. R. Curtin. 


Conclusions 


The use of compressed air makes pos- 
sible a very effective type of self clearing 
gap. With this type of gap the series 
capacitor will be by-passed only during 
the period of the fault, or when there is 
sufficient current to break down the gap 
on each half cycle. Compressed air also 
provides a means of performing other im- 


portant operations and relaying itnpor- ~ 
tant information to the ground. It also 
provides ‘means of remotely controlling 
switches located at high potential to 
ground. Considering the over-all prob- 
lem, the use of a compressed air system is 
justified even for applications where it is 
not necessary to quickly reinsert the 
series capacitor following afault. 

Compressed air operated gaps may be 
used without the necessity for supplying 
air from the ground, by the use of com- 
pressors operated directly from the series 
capacitor voltage drop. Such an arrange- 
ment is practical where the line current 
remains within a range of 25 to 100 per 
cent of normal. This provides a simpler 
arrangement and when visible indicators 
are used on the by-pass switches, the 
transmission of switch position informa- 
tion to the ground is no longer necessary, 
unless the installation is remotely located 
from an attended substation. 

The series capacitor described was 
energized February 23, 1951, and was 
found to be quite free from noise or 
visible corona. Tests were made to ob- 
serve the operation of the protective de- 
vices by placing faults on the circuit or 
associated circuits and observing the 
operation of the gaps. The gap protection 
operated in a manner quite similar to the 
laboratory test, Figure 12. The speed 
with which air became effective at the gap 
was such as to insure fast re-insertion of 
the series capacitor even in the case of 
faults that are cleared in very short 
periods such as 3 cycles. 
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Discussion 


E. J. Harrington (Bonneville Power Ad- 
ministration, Portland, Oreg.): Since its 
installation this series capaciior has not been 
subjected to line faults other than those 
during the staged tests. It has been and is 
still being operated with the capacitor 
groups in parallel. 

We hope to soon fill the housings to the full 
24,000-kvar capacity and operate the groups 
in series thereby obtaining approximately 
24 ohms of capacitive reactance compensa- 
tion. 

Operation so far has been trouble free 
with one exception. This was a failure of 
one of the air columns. This failure re- 
sulted in a fire in the column which ulti- 
mately caused the capacitor protective 
equipment tofunction. This resulted in by- 
passing of the capacitors and their removal 
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from the circuit without interruption of load 
in the 230-kv circuit. 

I would like to suggest that the authors 
describe their air column failure, its cause 
and the measures they have taken to insure 
against similar failures in future equipment. 


R. E. Marbury and F. D. Johnson: Mr. 
Harrington has mentioned a case of trouble 
with this series capacitor installation in- 
volving the air column used to maintain air 
pressure in the reservoirs mounted on the 
insulated platforms. The leakage current 
through one of the air columns became ex- 
cessive and resulted in a failure in one air 
line. The air line burned open at one point 
permitting a low current are which ignited 
the compound in which the hose was em- 
bedded. The escape of air at this point 
released pressure sufficient to rupture the 
porcelain casing. 

At first this condition was attributed to 
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excessive accumulation of moisture in the 
air line, but final analysis disclosed that the 
trouble was entirely due to defective hose 
material. The hose material receiving 
engineering approval contained only small 
traces of free carbon and measured well over 
50,000 megohms per foot, while the ma- 
terial actually used was found to contain up 
to 50 per cent of free carbon and measured 
10 to 40 megohms per foot. The resulting 
accumulation of heat resulted in excessive 
heating of the hose and the failure in service. 

The rebuilt air columns were entirely 
satisfactory on leakage and overvoltage 
tests, with or without the presence of con- 
densate. 

In view of the above there is no reason to 
expect future trouble and the design is 
entirely adequate when manufactured as 
intended. Steps have been taken to rigidly 
control the manufacture in the future, and 
the physical and electrical properties of the 
hose itself. 
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HE FUNDAMENTAL purpose of a 

series capacitor is to compensate for 
the voltage drop, or part of the voltage 
drop, caused by current through the in- 
ductive reactance of a circuit. This ef- 
fect can be viewed as compensation of the 
positive inductive reactance of the circuit 
by the negative capacitive reactance of 
the series capacitor. Transmission line 
inductive reactance has an important 
influence on voltage regulation and 
steady-state and transient stability; thus, 
the series capacitor can have an impor- 
tant bearing on the solution of power 
transmission problems.1!?)54 
_ Transmission ties operating near the 
steady-state or transient stability limit 
can be made more stable by series com- 
pensation; likewise, the power-transfer 
ability of the tie can be increased. Used 
in this manner, series capacitors can de- 
lay the need for additional transmission 
lines to handle increasing power-trans- 
fer requirements and can economically 
justify proposed tie lines by reducing 
transmission line requirements. For 
a given loading condition, series capacitors 
can be used to improve voltage regulation 
and power factor. Another possible use 
for series compensation is in effecting a 
desirable division of load between parallel 
circuits of different capacity. 

A 230-kv series capacitor has already 
been installed at the Bonneville Power 
Administration’s Chehalis Substation 


Paper 51-305, recommended by the AIEE Trans- 
mission and Distribution Committee and approved 
by the AIEE Technical Program Committee for 
presentation at the AIEE Pacific General Meeting, 
Portland, Oreg., August 20-23, 1951. Manuscript 
submitted May 22, 1951; made available for 
printing July 9, 1951. 


E. L. Harper, J. E. BARKLE, and R. W. FeRGusON 
are all with Westinghouse Electric Corporation, 
East Pittsburgh, Pa. 


~ 1951, VoLume 70 


J. E. BARKLE 


MEMBER AIEE 


R. W. FERGUSON 


ASSOCIATE MEMBER AIEE 


and subjected to system tests to deter- 
mine its effect on system operation and 
relaying. A number of installations on 
230-kv systems are planned for the near 
future, and "consideration is being given 
their use with circuit voltages above 230 
ky. Series compensation introduces 
several application problems not ordi- 
narily encountered in transmission system 
design. The effect on system operation 
has already been discussed in the litera- 
ture,!,2.3,4 but there has been little dis- 
cussion of the effect of series compensa- 
tion on system relaying and of the tran- 
sients introduced into series-compensated 
systems during faults and switching. 


SERIES CAPACITOR PROTECTION 


The application of series capacitors for 
the purposes described above has been 
made practical by the development of 
suitable protective equipment.’ The 
principal component of the protective 
equipment is a gap that flashes over to 
protect the capacitor form being stressed 
with too high a voltage. To provide the 
maximum benefit to system transient 
stability, it is important that the capac- 
itor by-pass circuit be opened immedi- 


LINE 


Figure 1. Protec- 
tive by-pass circuit 
for a series capacitor 
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ately after the capacitor voltage is reduced 
below the critical value.” 

A typical series capacitor protective 
by-pass circuit is shown in Figure 1. 
The breakdown voltage of the by-pass 
gap is adjusted in the range of 2.5 to 3.0 
times the rated voltage of the capacitor, 
which is considered satisfactory from the 
standpoint of protection of the capacitor 
against damage due to high overvoltage. 
Additional relay equipment is provided to 
protect against moderate overvoltages of 
longer duration. Sufficient resistance is 
provided in series with the gap to limit the 
capacitor discharge current to a safe 
value and to avoid oscillations in the dis- 
charge circuit when the gap fires. Higher 
values of resistance were considered in 
some cases to retain as much as possible 
the benefit of the compensation during 
transient swings. Flow of current in the 
gap circuit causes operation of the elec- 
trically-operated air valves and the air- 
blast reservoir discharges a stream of air 
into the gap conducting area. After es- 
tablishment of sufficient air flow, the arc 
in the gap space is quenched at each cur- 
rent zero, and gap flashover occurs again 
on the next half-cycle of high voltage. 
Thus, when the cause of the capacitor 
overvoltage is removed, the gap arc is 
quenched at the first current zero there- 
after and no restrike occurs. The capac- 
itor is fully reinserted in the transmission 
circuit within one-half cycle after the 
overvoltage condition is removed. 

The time required to establish sufficient 
air flow to cause quenching of the arc 
after the initial gap breakdown is in the 
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DIRECTION. 90° CAPACITIVE 
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Figure 2 (left). 
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range of 1.5 to 3 cycles. After this time, 
the gap are extinguishes and restrikes 
each half-cycle until termination of the 
overvoltage condition. 


APPLICATION PROBLEMS 


The relaying of series-compensated 
transmission lines is complicated by the 
fact that the circuit impedance is changed 
abruptly when the capacitor is short- 
circuited by its protective equipment 
upon the occurrence of a short circuit. 
Bypassing the series capacitor causes an 
increase in the circuit impedance, which 
causes a reduction in short-circuit current. 
Thus, the impedance measured by a dis- 
tance relay changes when the by-pass gap 
fires, There are problems concerning 
directional element operation and phase 
comparison relaying that are difficult to 
analyze because of the transient nature 
of the problems. The system transients 
caused by presence of the series capacitor 
and operation of its protective equipment 
during faults and switching are also diffi- 
cult to analyze. 

In order to determine the possible 
effect on various forms of relaying, typical 
series-compensated transmission circuits 
were set up in miniature on the analogue 
computer for transient analysis. Faults 
of various types were applied at different 
locations, and the voltages and currents 
associated with relay operation were 
recorded and analyzed. By comparing 
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Relay quantities for a directional element with 60- 
degree connection during internal and external faults 


Figure 3 (above). Phase-comparison relay quantities during an internal 


the results with the voltages and currents 
obtained on conventional circuits where 
it is known that correct relay operation 
takes place, it is possible to predict the 
correct or incorrect functioning of the re- 
lay protection on the series-compensated 
system. Of primary interest is the opera- 
tion of single-phase high-speed directional 
elements of the type used in directional- 
distance relaying and directional-com- 
parison carrier relaying. 

The directional element connections 
most used with high-speed directional 
elements are the 60-degree and 90-degree 
connections. The 60-degree connection 
utilizes a delta current and a line-to-line 
voltage such that the relay current leads 
the relay voltage by 60 degrees with unity 
power factor load current on the line. 
In the 90-degree connection, a phase cur- 
rent and a line-to-line voltage are used to 
give a 90-degree relationship between the 
relay current and voltage with unity 
power factor line loading. When the 60- 
degree connection is used, the maximum 
closing torque on the directional element 
occurs when the relay voltage and relay 
current are in phase, while on the 90-de- 
gree connection maximum torque occurs 
when the current applied to the relay 
leads the applied voltage by an angle of 
35 to 40 degrees. 

The following simple illustration proves 
that a directional element can operate 
incorrectly on a series-compensated cir- 
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3-phase fault 


cuit under specific steady-state condi- 
tions. Figure 2 shows vector diagrams of 
the voltage and current applied to a 60- 
degree directional element. The relay is 
assumed to be connected to the line on one 
side of the series capacitor when a 3- 
phase fault occurs on the opposite side of 
the capacitor. Figures 2(C) and (D) 
show the resulting relay voltages and 
currents for the conditions of a fault in a 


VARIOUS 
PAR ALLELING 


Xo 
(A) SINGLE SOURCE SYSTEM 


Xe 


Xe 
(B) IN-PHASE GENERATION. SYSTEM EXCEPT 


FOR SERIES COMPENSATED LINE RE - 
PRESENTED BY EQUIVALENT STAR 


Figure 4. System arrangements in which 
phase comparison relaying is not applicable if 
Xc exceeds Xz, 
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ocation where the relay should close 
ind where closing should not take place. 
in each case the capacitor is between the 
elay and the fault. Figures 2(A) and (B) 
show the relay quantities for the same 
sonditions, except with a 60-degree in- 
luctive line between the relay and the 
ault. In Figure 2(A) the relay closing 
‘orque is maximum because the voltage 
mid current are in phase, while in Figure 
4(B) the torque is maximum in the open- 
ng direction. By comparing Figures 
2(C) and (D) with (A) and (B), it is easily 
soncluded that the directional relay in- 
licates direction incorrectly when the 
ircuit is capacitive between the relay and 
he fault. 

One factor that can prevent false 
lirectional indication in a series-compen- 
ated circuit is the fact that the series 
‘apacitor is protected by a set of gaps that 
ire adjusted to sparkover and divert 


urrent from the capacitor when the » 


urrent through the capacitor exceeds 
1/2 times normal. With the capacitor 
short-circuited, the circuit between the 
elay and the point of fault which was 
riginally capacitive may now appear in- 
luctive. The speed with which the 
‘apacitor is short circuited is important, 
hherefore, in determining correct relay 
yperation. 

The transient studies on the analogue 
‘omputer were made to determine 
whether the operation of the gap is fast 
‘nough to cause correct relay operation, 
ind also to study types of faults other 
han three phase. A large number of 
‘onditions were studied with many 
variables to enable an intelligent inter- 
retation of the resulting data in terms of 
1 prediction of the relay operation. The 
variables included the type of fault, the 
oint on the voltage wave at which the 
ault occurs, the load current, the point of 
parkover of the protective gaps, and 
system configuration. 

A similar simple steady-state condition 
‘an be set up to show incorrect operation 
1f phase comparison relays. If the fault is 
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assumed to be internal on the protected 
line and if the reactance to one source is 
assumed to be capacitive and that to the 
other source inductive, the currents ap- 
plied to the phase comparison relays at 
the line terminals are such that tripping 
does not occur. The vector diagrams of 
Figure 3 illustrate this condition. During 
normal system operation the generator 
internal voltages are assumed to be in 
phase, and if the voltages remain in the 
same relative phase position during the 
initial stages of the fault, the current to 
the fault through the inductive source is 
lagging the voltage, while the current to 
the fault through the capacitive source is 
leading the voltage. Therefore, the 
currents at the terminals of the line ap- 
pear to the relay to be out of phase and 
the relay does not trip. 

A similar condition arises for a line 
with single power source if the capacitive 
reactance exceeds the inductive reactance 
of the paralleling circuits, Figure 4(A), A 
more general representation applicable in 
the case of all generator voltages in phase 
is that shown in Figure 4(B), in which the 
entire system external to the series- 
compensated line is represented as an 
equivalent star. The branches are gen- 
erally inductive. An internal fault at X 
will draw currents approaching 180 de- 
grees out of phase from the two ends if 
the capacitive reactance, Xq, exceeds the 
inductive reactance, X ,, to the star 
point. 

Similar analyses will show that the re- 
lay operates correctly for an external 
fault, but may not cause tripping for an 
internal fault. The possibility of having 
a capacitive circuit between the fault and 
one source of generation (or to the star 
point) is rather remote since compensa- 
tion of this magnitude would seldom be 
encountered; therefore, it might be con- 


cluded that phase comparison relaying — 


would in general operate correctly pro- 
vided the transient conditions do not 
cause incorrect operation, To analyze 
this, records were made of the transient 


Harder, Barkle, Ferguson—Series Capacitors 


2 CIRCUITS 


Figure 6 (above). 


GOLDENDALE N. BONNEVILLE 


54 MILES 
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Figure 5 (left). 230-kv grid of Bonneville Power Administration 


Midway-—North Bonneville system 


conditions affecting phase comparison re- 
laying to determine the relay opera- 
tion. 

In addition to these relay considera- 
tions, the transients caused by operation 
of the capacitor by-pass equipment might 
affect the operation of the series-com- 
pensated system. A reinsertion transient 
occurs when the by-pass circuit opens and 
the capacitor is reinserted in the line. If 
the function of the capacitor is to improve 
transient stability, this reinsertion tran- 
sient should not cause firing of the gaps to 
short-circuit the capacitor again. Rein- 
sertion transients*under various condi- 
tions were studied to determine the likeli- 
hood of gap firing after clearing of a fault 
and to determine whether the gap firing 
would interfere with the effectiveness of 
the capacitor in aiding stability. 

High-speed reclosing is being applied 
on many high-voltage transmission lines, 
and it is likely that series compensation 
might also be used on these lines. Again 
it is important to know the transients 
caused by reclosing the series-compen- 
sated circuit and whether these transients 
will cause gap firing to short-circuit the 
capacitor. If this occurs it may cause 
system instability. Also, if the fault 
should not be cleared, the closing tran- 
sients will have an effect on the system re- 
laying. 


ANALOGUE COMPUTER STUDIES 


Investigations were made on the ana- 
logue computer of three possible locations 
of series capacitors on the 230-kv grid of 
the Bonneville Power Administration, 
Figure 5, for the purpose of studying 
transient phenomena occurring on sys- 
tems with series compensation, and the 
effect of series capacitors on system relay- 
ing. The details of these studies are dis- 
cussed in the following sections and in 
Tables I through VIII. The systems 
studied were represented in miniature by 


_ 8-phase 4-wire networks... The neutral 


impedances in the lines and at the busses 
were adjusted to give a correct representa- 
tion of the zero-sequence impedances of 
the system. 

The first study was made on the part of 
the system shown in Figure 6 in which 
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Table |. Analogue Computer Study—Reclosing } 


A. RECLOSING AFTER A SINGLE LINE ~ T0-GROUND FAULT WITH 
MAXIMUM CHARGE ON ¢ A CAPAGITOR-AND ZERO CHARGE 
ON¢B AND 4G CAPACITORS. TERMINAL VOLTAGES ARE 
ASSUMED TO HAVE AN ANGULAR DISPLACEMENT THAT WILL wa walls 
GIVE A STEADY STATE CURRENT AFTER RECLOSING / 
OF TWICE NORMAL CAPACITOR CURRENT. 

A.\~BREAKER CLOSED AT ZERO OF Bh. | (a)-SAME AS 4,1 WITH GAPS PERMITTED 


SWITCHING 
POINT 


VOLTAGE AGROSS ¢A BREAKER | TOFIRE AT 2-1/2 TO3 TIMES NORMAL CAP A SECOND GAP OPERATION IS PERMITTED. 
| YOLTAGE.GAPS OPEN AT FIRST CURRENT GAPS IN @¢A AND $C FIRE AGAIN BUT 
ZERO AND DO NOT FIRE AGAIN | $B GAP DOES NOT FIRE A SECOND TIME. 
25 OHMS IN SERIES WITH GAPS 


CAPACITOR VOLTAGE CAPACITOR VOLTAGE | CAPACITOR VOLTAGE CAPACITOR VOLTAGE CAPACITOR VOLTAGE 
bn $B oh $8 oh LG 


fy 
yl eee 
sanacton, Pa | 


ORT ¢ 
i 


CAPACITOR VOLTAGE oA CURRENT | CAPACITOR VOLTAGE oh GURRENT CAPACITOR VOLTAGE oA GURRENT 
$6 o $C 


A.2-BREAKER GLOSED AT CREST OF VOLTAGE ACROSS $A BREAKER CONTACTS 


| 
ysis 


pmeman | 1) VE 
HV MLL al 


petit 
‘hii 
' 


VOLTAGE ACROSS CAPACITOR VOLTAGE CAPACITOR VOLTAGE CAPACITOR VOLTAGE oA CURRENT VOLTAGE ACROSS 
¢A BREAKER pA $8 oG $A BREAKER 
i 
A.2(a)~SAME CONDITIONS AS A.2 EXGEPT ONE GAP OPERATION ~TA.2 (b) SAME CONDITIONS AS A2 (a) EXCEPT 
PERMITTED IN EACH PHASE. (204+ IN SERIES WITH EAGH GAP) ¢C GAP OPERATION NOT PERMITTED UN- 


‘ 


TIL SECOND HALF CYCLE AFTER RECLOSING. 


' 
j Aeuuquygy 


SUT all 


CAPACITOR VOLTAGE CAPACITOR VOLTAGE CAPACITOR VOLTAGE $A CURRENT CAPACITOR VOLTAGE GAPACITOR VOLTAGE 
ga #6 #0 $A $8 


A.2(%) SAME GONDITION AS A2 WITH TWO GAP OPERATIONS PERMITTED ie | ee 
IN EAGH PHASE. ONLY ONE GAP OPERATION WAS NECESSARY IN $B 
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Table Il. Analogue Computer Study—Reclosing and Reinsertion 


A. (GONT) RECLOSING AFTER A SINGLE LINE-TO-GROUND FAULT 


WITH MAXIMUM GHARGE ON ¢A CAPACITOR AND ZERO _ i aoa 
CHARGE ON $B AND $C CAPACITORS. TERMINAL VOLTAGES | £ oS | ( ) 
‘ARE ASSUMED TO HAVE AN ANGULAR DISPLACMENT THAT CH - 
WILL GIVE A STEADY STATE CURRENT AFTER RECLOSING NORMALLOAD FLOW 
OF TWICE NORMAL CAPACITOR CURRENT. os 
A.3 BREAKER CLOSED 180° FROM 3 @) SAME ASAS EXCEPT GAPS PERMITTED TO FIRE AT 2-/2 TIMES 
CLOSING POINT IN A2 (AT CREST OF NORMAL GAP VOLTAGE AND THEN OPEN ONFIRST CURRENT ZERO, 
VOLTAGE AGROSS $A BREAKER) (NOTE: NO GAP OPERATION WAS NECESSARY IN $A) 


CAPACITOR VOLTAGE  GAPACITOR VOLTAGE = CAPACITOR VOLTAGE 
oA $B ae 

A3(b) SAME AS A3() |B.2 SAME ASB! EXCEPT GAPS FIRED DURING 

EXCEPT TWO GAP FIRST CYCLE AFTER FAULT AND OPENED 

OPERATIONS IN $C AT FIRST CURRENT ZERO AFTER FAULT 

1S CLEARED. 


VOLTAGE AGROSS $A CURRENT $A CURRENT 


$A BREAKER 


CAPACITOR VOLTAGE 


GAPACITOR VOLTAGE 


CAPACITOR VOLTAGE 


CAPACITOR VOLTAGE 


A B 


oA $8 $6 eC CAPACITOR VOLTS CAPACITOR VOLTS 
8.| REINSERTION TEST: 3¢ FAULT APPLIED AT F (SEE ABOVE FIG.) FOR 3-1/2 CYCLES AND o a 
THEN REMOVED. ANGLE BETWEEN GENERATOR VOLTAGES IS ADJUSTED SO THAT TWICE 
NORMAL CAPACITOR CURRENT FLOWS IN STEADY STATE. A-~ FAULT APPLIED 
A-FAULT APPLIED B-FAULT REMOVED B-FAULT REMOVED 


A.28 A B A B 


CAPACITOR VOLTAGE 


$A CURRENT $A GURRENT 


CAPACITOR VOLTAGE CAPACITOR VOLTAGE CAPACITOR VOLTAGE 
oA $B $C $C 


CG. RECLOSING TEST: SINGLE LINE -TO-GROUND FAULT AT F CLEARED AND C.2 GAPAGITOR VOLTAGE WITH GAPS OPEN. 
LINE RECLOSED. STEADY STATE CAPACITOR CURRENT =115% RATED VALUE. $B $6 
(NOTE: GREST VOLTAGES ARE MEASURED % OF NORMAL GREST VOLTAGE) i 
TRACES ARE GODED AS FOLLOWS: A-FAULT APPLIED, B-FAULT CLEARED 
C-LINE REGLOSED, D- GAP CLEARS AFTER FIRING ON RECLOSURE 


BC BG 


NORMAL LOAD FLOW MAX GREST AFTER MAX CREST AFTER 
REGLOSING = 310% REGLOSING = 350% 


G.iGAPS SET TO FIRE AT 2-1/2 TIMES NORMAL VOLTAGE. (1.6.2 IN SERIES WITH GAPS) 
CAPACITOR VOLTAGE CAPACITOR VOLTAGE GAPACITOR VOLTAGE 
$A $B $6 


ZERO SEQUENCE QUANTITES 


A BG SS - 
¢A CURRENTAT| ZERO SEQUENGE ZERO SEQUENGE 
CURRENT ATI VOLTAGE AT 1 


BC 8) BC D 
MAX GREST AFTER MAX GREST AFTER 
GAP CLEARS=160% GAP CLEARS=175% 
INITIAL CREST =115% — INITIAL GREST =115% 


ce A BG 

MAX CREST AFTER 
- RECLOSING = 145% 
INITIAL CREST=115% 
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Table Ill. 


1D. 60° CONNECTION DIRECTIONAL ELEMENT QUANTITIES, 
In-lp (SMALL TRACE BEFORE THE FAULT) Ego, FOR 


A FAULT AT NB AND RELAYS AT GL. 

NB 
GL 

C ee ee OH to ——{} +) 

LINE TO-LINE FAULT 


NORMAL LOAD FLO 
J8 OHMS IN SERIES 


WITH GAPS 


36 FAULT 
‘NO GAPS 


3¢ FAULT 
6 OHMS IN SERIES 
WITH GAPS 


RELAY GORRECTLY 
INDICATES AN EX- 
TERNAL FAULT 


RELAY DOES NOT GIVE 
A POSITIVE INDICAT- 
{ON OF FAULT LOCAT- 
1ON 


RELAY CORRECTLY 
INDICATES AN EX- 
TERNAL FAULT 


LINE-TO-LINE FAULT 
NO GAPS 


DOUBLE LINE-TO- 
GROUND FAULT. 
25 OHMS IN 
SERIES WITH GAPS 


RELAY CORRECTLY INDICATES 


AN EX- 
TERNAL FAULT IN BOTH OF THE ABOVE 


= 60° CONNECTION DIRECTIONAL ELEMENT QUANITIES, 
Tag (SMALL TRACE BEFORE THE FAULT) AND 
Exo, FOR A FAULT AT GL AND RELAYS AT GR 
GL 


Teas GR 
yf to} CHAR} scant 
ae —~ - _ oe 
NORMAL LOAD FLOW DOUBLE- LINE-T0- 
3¢ FAULT 3% FAULT GROUND FAULT. 
25 OHMS IN SERIES 32 OHMS IN SERIES 25 OHMS IN SERIES 
WITH GAPS WITH GAPS WITH GAPS 


RELAY ELEMENTS INCORRECTLY 
INDICATE AN INTERNAL FAULT 


RELAY CORRECTLY 
INDICATES AN 
EXTERNAL FAULT ie 


H.60° CONNECTION DIRECTIONAL ELEMENT QUANTITIES, i, 
I, -Ig (SMALL TRAGE BEFORE THE FAULT) AND Ego, FOR 
A LINE TOLINE FAULT AT GR AND RELAYS AT M. 


ol 4 “(eee —ot-() 


NORMA i LOAD FLOW 


(NOTE: A FAULT AT GR SHOULD APPEAR TO BE AN 
INTERNAL FAULT TO RELAYS AT M) 


~}G. 60° CONNECTION DIRECTIONAL ELEMENT QUANTIES, 
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F. 60° CONNECTION DIRECTIONAL ELEMENT QUANTITIE 
I,-Ig (SMALL TRACE BEFORE THE FAULT) AND E 
A FAULT AT GR AND RELAY AT GL. y 
GR. 


GL 


eran tical 


NORMAL LOAD FLOW 


34 FAULT AT ZERO 
OF E 


3 FAULT AT CREST 


OF & 


NO_GAPS NO GAPS 


RELAY INCORRECTLY INDICATES AN RELAY INDICATION 
INTERNAL FAULT 1S INDEFINITE 
* $A GAP FIRES ON SECOND HALF CYCLE AFTER FAULT. 


LINE-TO- LINE. FAULT 
18 OHMS IN SERIES 
WITH GAPS. 


DOUBLE LINE -TO- 
GROUND FAULT 

25 OHMS IN 
SERIES WITH GAPS 


LINE-TO-LINE FAULT 
NO GAPS 


RELAY CORRECTLY INDIGATES AN EXTERNAL FAULT IN THE 
ABOVE THREE CASES. 


Iq-lg (SMALL TRACE BEFORE THE FAULT) AND 
Enc) FOR A FAULT AT M AND RELAYS AT GR 


[}— 2h do —elO) 
NORMAL LOAD FLOW 


| DOUBLE LINE-TO 


3? FAULT GROUND FAULT 
25 OHMS IN SERIES 25 OHMSIN SERIES 
WITH GAPS WITH GAPS 


RELAY ELEMENTS CORRECTLY 
INDICATE AN EXTERNAL FAULT 


FAULT AT ZERO 


“FAULT AT CREST» FAULT AT CREST _ 


OF Eng OF Egg OF Eng 
18 OHMS IN SERIES ZERO OHMS IN ZERO OHMS IN 
WITH GAPS SERIES WITH GAPS SERIES WITH GAPS 


RELAY ELEMENTS GORREGTLY 


INDICATE AN INTERNAL FAULT | 
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Table IV. Analogue Computer Study—3-Phase and Single-Line-to-Ground Faults 


1.3¢@ AND SINGLE LINE~TO-GROUNO FAULTS WITH 
CAPACITOR IN THE CENTER OF THE COMPENSATED 
LINE. GAPS ARE SET TO FIRE AT 2-1/2 TIMES 
RATED GREST CAPACITOR VOLTAGE. CAPACITOR 


CURRENT BEFORE THE FAULT IS EQUAL TO RATED |b oe 
CURRENT. : GC F, c 
(1.6 OHMS IN SERIES WITH CAPACITOR GAPS) C : i 


Sain Cae 


I. | 3 FAULT A F,. FAULT AT CREST OF $A VOLTAGE. 


[1.2 3$ FAULT AT Fp. 
\ 


_ RELAY IMPEDANGE ELEMENT~—VOLTAGES AND GURRENTS 
1 AT GC. 


CAPACITOR VOLTAGE  GAPAGITOR VOLTAGE —GAPAGITOR VOLTAGE | PHASE AB RELAY PHASE BG RELAY* PHASE GA RELAY 
$A $B $C | E,6AND 1,-1p | Ego AND Te- Ig Ech AND ig-Ja 
NOTE THAT GAPS FLASH IN LESS THAN 1/4 GYGLE | (CURRENT IS THE SMALL TRACE BEFORE THE FAULT) 
RELAY IMPEDANCE ELEMENTS OPERATE CORRECTLY FOR 
THIS FAULT. 
RELAY IMPEDANCE ELEMENT-VOLTAGES AND CURRENTS | RELAY DIREGTIONAL ELEMENTS - VOLTAGES 
AT GO. | AND GURRENTS AT GG. (60° CONNECTION) 


(CURRENT 1S SMALL TRACE BEFORE THE FAULT) (CURRENT 1S SMALL TRACE BEFORE THE FAULT) 


PHASE AB RELAY PHASE-6C.RELAY | PHASE CARELAY | PHASE AB RELAY PHASE BG RELAY PHASE GA RELAY 
Eng AND Ig-Tg Epc AND Ig -1¢ rie AND Ip -Ig | © Eg ANO lav tg EpaAND Ig- iy Eog AND Ig-Ig 
RELAY IMPEDANCE ELEMENTS WILL OPERATE CORRECTLY | RELAY DIRECTIONAL ELEMENTS GORREGTLY INDICATE A 


FOR THIS FAULT. FAULT IN THE GONTACT GLOSING DIRECTION. 


i 
| 
4 
' 


RELAY DIRECTIONAL ELEMENT-VOLTAGES AND CURRENTS AT | PHASE COMPARISON | 13 SINGLE LINE-TO-GROUND FAULT AT 
GG. (60° GONNEGTION) | RELAY QUANTITIES i F,. FAULT AT CREST OF $A VOLTAGE. 
(GURRENT IS THE SMALL TRACE BEFORE THE FAULT.) | $A CURRENT AT 


| GC ANDG PHASE _GOMPARISON 


oa 


| TOP-¢A GURRENT | TOP: Ip AT C 


PHASE AB RELAY PHASE BC RELAY PHASE CA RELAY 


| UPPER TRACE |S GG 
Exc AND Ty -Ip Ea, AND Ig - Ic Eop AND I-14 | GURRENT. LAE 6c. BOTTOM: Ig AT GC 
RELAY DIRECTIONAL ELEMENTS CORRECTLY INDICATE AN | | RELAY GORREGTLY | BOTTOM $A CAPACITOR (TRACE INVERTED) 
INTERNAL FAULT. | INDICATES AN VOLTAGE. (TRACEIS RELAY INDICATES 

| EXTERNAL FAULT INVERTED) AN INTERNAL FAULT 
Oe nicoN RESIDUAL OR /1.4 SINGLE LINE- TO- GROUND FAULT AT Fp 
RELAY QUANTITIES ZERO SEQUENCE FAULT AT GREST OF $A VOLTAGE 


PHASE A CURRENT CURRENT AT 6G | j PHASE COMPARISON 
AT GG AND C BUS i RELAY QUANTITIES 


GURRENT AT GO IS MAGNITUDE OF TOP-I, AT GG 
POSITIVE DURINGTHE PULSE OF CURRENT : BOTTOM: $A CAPACITOR BOTTOM-T, AT GC 


FIRST CYCLE AFTER 1S APPROX 1% OF VOLTAGE (TRACE 1S RELAY INDICATES 
FAULT. RELAY CORREGT- 34 FAULT CURRENT . INVERTED) AN EXTERNAL 
ENA AN IN- ~ GREST : FAULT 

: ba Ds er 2s - 
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Table V. Analogue Computer Study—3-Phase and Single-Line-to-Ground Faults / 


J. ZB PHASE AND SINGLE LINE-TO-GROUND 
FAULTS WITH THE CAPACITOR IN THE 
CENTER OF THE COMPENSATED LINE, 
CAPACITOR CURRENT BEFORE THE FAULT 
1S EQUAL TO RATED CURRENT. 


(1.6 OHMS IN SERIES WITH GAPS} 1{—<€ 
A F, 
J.| SINGLE LINE-TO-GROUND FAULT AT F,. GAPS SET TO J.2 THREE PHASE FAULT AT Fe. FAULT AT CREST OF PHASE 
FIRE AT 2-1/2 TIMES RATED VOLTAGE A VOLTAGE. 
ANGLE OF FAULT INITIATION IS VARIED. GAP SETTING IS VARIED. 


(BOTH VOLTAGE AND CURRENT ARE $A QUANTITIES) 


FAULT AT 0° ON FAULT AT 45° ON FAULT AT 225° ON | GAP FIRES AT 1-1/4 GAP FIRES AT 3-34 NO GAP 


PHASE A VOLTAGE PHASE A VOLTAGE PHASE AVOLTAGE | TIMES NORMAL TIMES NORMAL 

TOP: Tg AT A SMALL TRACE BEFORE FAULT IS I, ATA. | - GREST. CREST. 
BOTTOM CAPACITOR LARGE TRAGE IS THE CAPACITOR VOLT- TOP: I,AT A TOP: ¢A CAPACITOR TOP: ¢A CAPACITOR 
VOLTAGE (INVERTED) AGE (INVERTED) | BOTTOM: $A CAP VOLTAGE (INVERTED) VOLTAGE (INVERTED) © 


VOLTAGE ( INVERTED) BOTTOM‘ 1, AT A 
GAP FIRES IN 1/4 CYCLE GAP FIRES IN O.9CYCLE 


BOTTOM: I, ATA 


K. THREE PHASE FAULT AT F WITH CAPACITOR AT 
THE END OF THE COMPENSATED LINE. 
CAPACITOR CURRENT BEFORE THE FAULT 
1S AT RATED VALUE. 

RELAY QUANTITIES ARE MEASURED 
AT GC ON AN UNCOMPENSATED LINE. 


ee CS saat ae 2s —y Solas ae poi oa Cian uae EEO SSK = ee 
K.1 GAPS ARE NOT ALLOWED TO FIRE. |K.2 GAPS SET TO FIRE AT 2-1/2 TIMES NORMAL GREST CAPACITOR VOLTAGE. 
| 


A-B RELAY 
$A DIRECTIONAL | DIRECTIONAL ELEMENTS IMPEDANCE 
A-B RELAY 


CAPACITOR VOLTAGE ELEMENTS | A-B RELAY B-G RELAY 


VOLTAGE RISES TOP: Ig-Ip | CURRENT T,- Ig GURRENT Ig-Ig CURRENT Iy- Ig CURRENT Ig- Ic 
TO 25 TIMES NORMAL — BOTTOM: Egg | VOLTAGE Ego VOLTAGE Epa VOLTAGE Eng VOLTAGE Esc 
DIRECTIONAL ELEMENTS CORRECTLY IMPEDANCE ELEMENTS OPERATE 


NOTE: THE EQUIVALENT SYSTEM LOOKING 


INDICATE AN EXTERNAL FAULT. GORREGTLY TO INDICATE A FAULT. ~ 
TOWARD THE CAP FROMF IS NEAR SERIES | — 
RESONANCE. THE DIRECTIONAL ELEMENT Soe 
AT G INCORRECTLY INDICATES AN INTER- GURRENT IS THE SMALL TRAGE BEFORE THE FAULT AND LARGE TRACE AFTER 
NAL FAULT. | THE FAULT. : 


L. GAP FIRING DURING A TRANSIENT SWING. 
THE ANGULAR POSITION OF THE TWO GENERATORS 
IS ADJUSTED TO GIVE 2-1/2 TIMES NORMAL CAPACITOR arene 
CURRENT. $A CAPACITOR GAP WAS THEN SHORTED COMPENSATED LINE 
AT 0.866 OF CREST VOLTAGE ACROSS THE CAPACITOR. 3 


GG M 


STEADY STATE VALUE 
iS 23% OF NORMAL _ 
CAPACITOR CURRENT 
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Table VI. 


M. 3¢ FAULT AT F AT MINIMUM SYSTEM CONDITION. 
FAULT AT CREST OF ¢A VOLTAGE. 
1.6 OHMS IN SERIES WITH GAPS. 


i 


MI NO GAP OPERATIONS PERMITTED _ 
GAPACITOR VOLTAGE 
MAXIMUM VOLTAGE IS GIVEN IN PERCENT OF CREST OF 
RATED GAPACITOR VOLTAGE. 


MAX VOLTS = 267% MAX VOLTS = 333% MAX VOLTS = 289% 


RELAY OIRECTIONAL ELEMENTS - 60° CONNECTION 
{RELAY AT M) 


TOP: Ip-t, TOP: Tg-I¢ TOP: Ig- I, 
BOTTOM: Eac BOTTOM: Epa BOTTOM: Ecp 
DIRECTIONAL ELEMENTS INCORRECTLY INDICATE AN 


PPE NAL FAULT. 


M3 $B “GAP AND. THEN $C “GAP FIRE. aT 2 v2 TIMES. CREST 
OF RATED CAPACITOR VOLTAGE. 


RELAY DIRECTIONAL ELEMENTS 60° CONNECTION 
(RELAY AT M) 


TOP: 1,-Te 
BOTTOM : Egg 


TOR: Ig- I, TOR: Ig=I, 
BOTTOM: Eg, BOTTOM: Egg 


THE 1 Ig ELEMENT DOES NOT GIVE A POSITIVE INDICATION | 

OF FAULT DIRECTION WHILE THE Ig-I, ELEMENT CORRECTLY 
INDICATES AN INTERNAL FAULT AND THE I¢-Ig ELEMENT ~ 
INCORRECTLY INDICATES AN EXTERNAL FAULT. 


RELAY DIRECTIONAL ELEMENT 90° CONNECTION 
(RELAY AT M 


BOTTOM: Eca 


Analogue Computer Study—3-Phase Faults 


f 


4 


Ms 2 2 $B GAP FIRES at r 2- V2 TIMES. ‘NORMAL 
CAPACITOR VOLTAGE. 
GAPAGITOR VOLTAGE 
MAXIMUM VOLTAGE 1S GIVEN JIN PERCENT OF CREST OF 
RATED CAPAGITOR VOLTAGE. 


$C 


MAX VOLTS = 244% MAX VOLTS= 378% 


NOTE THAT THE MAXIMUM $C VOLTAGE AFTER ONE GAP ($B) 
HAS OPERATED 1S GREATER THAN THE VOLTAGE WITH NO 
GAP OPERATIONS. 


RELAY DIRECTIONALELEMENTS 60° CONNECTION 
(RELAY AT M) 


TOP: 
BOTTOM: Epa 


TOP: Iy-Ig 
BOTTOM: Eac 


TOP: Ig-I, 
BOTTOM: Ecg 


Ig- Ig 
DIRECTIONAL ELEMENTS INCORRECTLY INDICATE AN 


EXTERNAL FAULT. 


RELAY DIRECTIONAL ELEMENTS 90° 
(RELAY AT M) 


CONNECTION 


TOP: Ig 
BOTTOM: Egc 


I, AND Ig ELEMENTS INDICATE AN EXTERNAL FAULT 
WHILE THE I, ELEMENT GORRECTLY INDICATES AN 
INTERNAL FAULT. 


TOP: 1, 
BOTTOM:Ega 


TOP: Ig 
BOTTOM: Eap 


NEUTRAL CURRENT NEUTRAL CURRENT 


STEADY STATE 


STEADY. STATE 


BOTTOM: Egg Iy= 2.95 TIMES In? 4.8 TIMES 
STLY INDIGATES AN EXTERNAL FAULT BATED SAROE ES RATED CAPAGITOR 
| INDIGATE AN INTERNAL FAULT eae CURRENT. 
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W3¢ FAULT AT FAT MINIMUM @YSTEM CONDITION. FAULT AT ZERO OF 
1.6 OHMS 


+4 VOLTAGE 


OPERATE 


NI) NO GAPS 


bh MAX 4. OPV 


RELAY Dift 


TOP: I, 
BOTTOM: E 


RELAY ELEMENTS INCORRECTLY INDIGATE 


RELAY DIRECTIONAL ELEMENTS > 


fOr: 
BOTTOM: Fag 


I, 


RELAY ELEMENTS 


NEUTRAL GURRENT 


THIS CURRENT 16 
CAUSED BY NONSIMULTANE ; 
OUS SHORTING OF THE 
PHASES WHEN THE 3% 
PHASE FAULT 18 APP « 
LIED TO THE SYSTEM 


emer 


LOS 


AATED GC 


Table Vil. 
IN SERIES WITH GAPS, 


& Oe 


CAPACITOR VOLTAGE 


#8 MAX 2.9 PU 
ST CAPACITOR VOLTAG 


$G MAX= 2.6 PU 


RE S*1,0 PU 


ECTIONAL ELEMENTS 
(RELAY ATM) 


60* CONNECTION | 


TOP: Ig~ Ig 
BOTTOM Eaa 


TOP: Tpnl, 
BOTTOM: Egg 


AN EXTERNAL FAULT | 


90° GONNEGTION 
(RELAY ATM) 


TOP: Jy 
BOTTOM: Ea 


TOP: T6 
BOTTOM! Eqg 


INCORRECTLY INDIGATE AN EXTERNAL FAULT 


|N.2@ #A GAP FIRES AT 2-1/2 TIMES 


CAPAGITOR 


#A MAXs 2.56 PU 


¢# 6B MAX= 3.89 PU 


FIRING ) 


Harder, Barkle, Ferguson 


“$C VOLTAGE WHEN ONLY ONE GAP, $A, HAS 


RATED CAPACITOR VOLTAGE 


VOLTAGE 


RATED GREST GAPACITOR VOLTAGE «1.0 PU. #68 VOLTAGE FOR 
THIS TEST 1S GREATER THAN #8 VOLTAGE IN TEST Al. (NO GAPS 
#0 VOLTAGE IS LESS THAN #6 VOLTAGE IN TEST Al. 


Analogue Computer Study—3-Phase Faults 1} 


CAPACITOR VOLTAGE. 
CAPACITOR VOLTAGE 


$A MAX« 2.67 PU $8 MAX = 3.78 PU $c MAX= 2.34 PU 
RATED GREST CAPACITOR VOLTAGE =1.0PU 0 


Yj. 
, 


#0 VOLTAGE IN THIS TEST IS GREATER THAN 
FIRED (SEE TEST A.2) 


RELAY DIRECTIONAL VOLTAGE ~ 60° CONNECTION 
(RELAY AT M } 


TOP: Ignlp 
BOTTOM: Ec 


TOP: Ig- tg 
BOTTOM: Eaa 


TOP: I, 4c Ty 
BOTTOM Egg 


Iq” Ip ELEMENT INCORRECTLY INDIGATES AN 
EXTERNAL FAULT, Ig-Ig ELEMENT CORREGTLY INDICATES 
AN INTERNAL FAULT. Ig-l ELEMENT DOES NOT GIVE A. 
POSITIVE INDICATION OF FAULT DIRECTION, 


RELAY DIRECTIONAL ELEMENTS ~ 90° CONNECTION 
(RELAY ATM) 


TOP: Ig 
BOTTOM: Egg 


TOP: 
BOTTOM: Ega 


TOP! tn 


is 
BOTTOM: Eng ~ 


RELAY ELEMENTS INCORREGTLY INDICATE AN EXTERNAL FAULT 


eee 


NEUTRAL CURRENT 


NEUTRAL CURRENT 


$O MAX«l,78 PU STEADY STATE Iy= | “STEADY STATE Iy= 
5.15 TIMES RATED | 294 TIMES RATED 


CAPACITOR CURRENT _ CAPACITOR GURRENT 
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Table VIII. Analogue Computer Study—3-Phase Faults and Reclosing 


0. 3¢ FAULT AT F WITH REOUCED GENERATION AT 8B. FAULT 
: AT 90° ON $A VOLTAGE. NO GAPS FIRE 


ONE LINE OPEN 
NN = ee ae rk 
F 


\\ 6C 


VOLTAGE AGROSS CAPACITORS 
MAXIMUM VOLTAGE IS GIVEN IN % OF RATED GREST CAPACITOR 
VOLTAGE . 


$B $C 
MAX =278 % MAX = 333% MAX= 333% 
FOR THE PURPOSES OF THIS TEST TEST IT WAS ASSUMED 
THAT THE GAPS DID NOT FIRE. 


Rl LAY DIRECT ONAL ELEMENTS 90° CONNECTION 
: (RELAYS AT M) 


TOP: Ig TOP: Ig 
BOTTOM! E gc BOTTOM: Egg BOTTOM: Eqg 
RELAYS INCORRECTLY INDICATE AN EXTERNAL FAULT 


RELAY DIRECTIONAL ELEMENTS 60° CONNECTION 
(RELAYS AT M) 


TOP: Ta> Ip TOP: Ip-Ig TOP: Low Ia, 
BOTTOM: E ag BOTTOM: Epa BOTTOM: Eop 
RELAYS INGORRECTLY INDICATE AN EXTERNAL FAULT 


RELAY IMPEDANCE ELEMENT 
(RELAYS AT M) 


OOP ty 35 
BOTTOM: Egg 


TOP: Ip-I¢ 
BOTTOM: Ec 


TOP: Ig-1, 
BOTTOM: Ea 


-AY GORREGTLY MEASURES THE IMPEDANCE 
SERIES: CAPACITOR 
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P. RECLOSING ON A 3 FAULT AT F. BREAKER AT GC GLOSES 
AT GREST OF ¢A VOLTAGE. GAPS FIRE AND THEN OPEN ON 
FIRST CURRENT ZERO. 


Ook - tx 
GO F 


(1.6 OHMS IN SERIES WITH THE GAPS) 


CAPACITOR VOLTAGES AND GAP GURRENTS, 
PEAK GAP GURRENT |S GIVEN IN PER UNIT OF THE GREST 
OF RATED CAPACITOR CURRENT 


¢B 
TOP: GAP CURRENT GAPACITOR VOLTAGE 


20.6 PU 
BOTTOM: GAP VOLTS 


TOP: CAP VOLTS 
BOTTOM: GAP 
CURRENT = 22 PU. 


RELAY DIRECTIONAL ELEMENTS - 90° CONNECTION 
(RELAYS AT GC) 


TOP: Ip TOP: Ig TOP: Ig 
BOTTOM: Ege BOTTOM: Ega BOTTOM: Eqs 
ALL ELEMENTS CORRECTLY INDICATE AN INTERNAL FAULT 


RELAY DIRECTIONAL ELEMENTS 60° CONNECTION 
(RELAYS AT GC) 


TOP: Ta = Ig 
BOTTOM: Egg 


TOP: Ig- Ig 
BOTTOM: Ega 
ALL ELEMENTS CORRECTLY INDICATE AN INTERNAL FAULT 


TOP: Ig-Ia 
BOTTOM: Egg 


PHASE COMPARISON 


RELAY 


TOP: I, AT GG 
BOTTOM: I, ATM 


RELAY CORRECTLY 
INDIGATES AN IN~ 
TERNAL FAULT 
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(A) 


72 MILES 


“GRAND COULEE (B) 


a series capacitor was considered at 
Goldendale near the center of the double- 
circuit line between Midway and North 
Bonneville. The capacitor was adjusted 
to give approximately 50 per cent com- 
pensation of the Midway to North Bonne- 
ville lines. Consequently, the circuit 
from the left Goldendale bus to North 
Bonneville is capacitive while the circuit 
from the right Goldendale bus to Midway 
is inductive. With fixed system con- 
stants studies were made for various 
locations and types of faults as well as 
various locations of relays. Reclosing and 
capacitor reinsertion phenomena were also 
studied on this system. The latter 
phenomenon occurs when the capacitor 
has been shorted by gaps during a fault. 
The gaps open after the fault is cleared 
and reinsert the capacitor in the line. 

The second capacitor location studied 
was in one of the lines between Grand 
Coulee and Columbia, Figure 7. This line 
has a larger conductivity than the other 
two lines between these points; there- 
fore, a series capacitor is to be installed 
in the line to reduce its reactance and 
cause it to carry a share of the total load 
current proportionate to its capability. 
The system studied on the computer was 
derived from the actual power system of 
Figure 5 by representing all the power 
system exclusive of compensated Grand 
Coulee to Columbia line by an equivalent 
delta, Figure 7(A). The impedances A 
and C then represented the system equiv- 
alent impedances to the Grand Coulee 
and Columbia busses with the three 
Coulee to Columbia lines open. B rep- 
resented the two uncompensated Coulee 
to Columbia lines. This is shown in 
Figure 7(B). Studies were made on this 
system with the capacitor located at the 
Columbia bus as well as in the center of 
the compensated line as shown in Figure 
7(B). In both cases the capacitor was 
adjusted to compensate for 36 per cent 
of the total inductance of the Grand 
Coulee to Columbia line. 

The third series capacitor location 
studied was in one of the Grand Coulee to 
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GRAND COULEE 


Figure 7 (left). 
Grand Coulee— 
Columbia system 
G 
Figure 8 (above). 
Grand Coulee— 
COLUMBIA 


Midway system 


Midway lines. As in the above case, a 
capacitor is to be placed in the line to 
cause proper division of load current be- 
tween the three parallel lines. In this 
study, it was assumed that the Columbia 
to Midway line was open; thereby isolat- 
ing the top half of the 230-ky grid in 
Figure 5. A single-line diagram of the 
system studied is shown in Figure 8. In 
addition to studying the system shown in 
Figure 8, one of the uncompensated Grand 
Coulee-Midway lines was considered 
open and the generation connected to the 
Midway bus was reduced or removed in 
certain of the studies to represent mini- 
mum system conditions. In all cases the 
capacitor compensated for 40 per cent of 
the inductance of the compensated Grand 
Coulee to Midway line 

In all of the above studies provision 
was made for measuring directly the 
voltages and currents applied to the re- 
lays as well as capacitor and system volt- 
ages and currents. These measurements 
were recorded by photographing the 
oscilloscope traces of the various currents 
and voltages. These photographs to- 
gether with a brief description of the test 
and analysis of the results are given in 
Tables I through VIII. When analyzing 
the photographs of relaying quantities, 
the following facts should be kept in 
mind. 


1. Sixty-degree connection directional ele- 
ments receive maximum closing torque 
when the relay voltage and current are in 
phase. 


2. Ninety-degree connection directional 
elements receive maximum closing torque 
when the relay current leads the relay volt- 
age by 35 to 40 degrees. 


3. Phase comparison relays receive maxi- 
mum contact-closing torque when the relay 
currents are 180 degrees out of phase. 
Tripping will take place when the currents 
are more than approximately 50 degrees out 
of phase. The currents used with phase 
comparison relays are weighted combina- 
tions of the positive, negative, and zero 
sequence currents at the two ends of the 
protected lines. However, in the computer 
studies the phase A current at the two ends 
of the protected line was used to determine 
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100 MILES 


the performance of the phase comparison 


relays. This gave a correct indication of 
the actual relay currents since the positive, 
negative, and zero sequence currents,are in 


phase with the phase A current for 3-phase — 
faults and single-line-to-ground faults on — 


phase A. 


4. In the tables the directional and phase- 
comparison relays are said to indicate an 
internal fault when they produce contact- 
closing torque in accordance with the above 
statements. 


5. In certain studies it was mecessary to 
invert, that is turn upside down, one of the 
traces to prevent shorting the analogue 
through the recording circuit. Where this 
is the case, it has been noted in the tables. 
When analyzing a photograph of this type, 
the phase relations for maximum closing 
torque discussed in 1, 2, and 3 should be in- 
creased by 180 degrees. 


RESULTS OF THE ANALOGUE COMPUTER — 


STUDIES 


The studies made on the analogue 
computer are completely covered in 
Tables I through VIII. These tables give 
a diagram of the system studied, the 
specific conditions investigated in the 
tests, and photographs of the measured 
quantities. In conjunction with the 


1 


photographs, some of the important re- © 


sults are briefly pointed out in the tables. 
The following discussion describes some 
of the major points studied; however, 
the reader should refer to the tables for 
the details of the computer studies. 

Tables I and II give the results of the 
reclosing and reinsertion tests on the Mid- 
way—North Bonneville and Coulee—Co- 
lumbia systems. The purpose of these 
tests was to show the form of the transient 
voltage across the capacitor when it was 
reinserted in the line or when the line was 
reclosed after a fault. Tests A and C 
show. that the transient following re- 
closing of the line may cause the voltage 
across the capacitor to exceed 2/2 times 
normal and consequently cause the gaps 
to fire. However, the transient voltage 
across the capacitor following clearing of 
the gaps will not cause the gaps to fire a 
second time; therefore, only one gap 
operation will usually occur following re- 
closure of the line. 

The tests in Table III show the effect 
of the series capacitor in the Midway to 
North Bonneville line on a relay direc- 
tional element with a 60-degree connec- 
tion during 3-phase, double-line-to-ground, 
and line-to-line faults. The relay opera- 
tion is correct for all of the double-line-to- 
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ground and line-to-line faults and for the 
3-phase faults when the circuit between 
the relay and the fault is inductive. In 
Tests D, E, and F the circuit between the 
relay and the fault was capacitive. With- 
out gaps the relay operation was incor- 
rect. However, the use of gaps with low 
series resistance tended to correct the 
operatioti of the relays for these cases. 

Tests I through K in Tables IV and V, 
applying to the Grand Coulee—Columbia 
compensated line, show the relay opera- 
tion for 3-phase and single-line-to-ground 
faults with a low resistance in series with 
the capacitor gaps. In Tests I and K the 
gaps fire in less than 1/4 cycle and the 
relay operation is correct. The angle of 
fault initiation and the firing voltage of 
the gaps were varied in Test J. The 
latter test showed that with the gaps set 
to fire at 3%/, times normal crest capac- 
itor voltage, the gaps failed to fire until 
the second half cycle of fault voltage with 
a 3-phase fault. This delay in gap firing 
might affect the relay operation in cases 
where the gaps must fire to insure correct 
relay performance. Such cases did not 
occur in this test. 

Since the firing of the protective gaps is 
controlled solely by the voltage across the 
protected capacitor, they may fire in an 
unsymmetrical fashion; that is, one or 
two of the gaps may fire while the remain- 
ing gap stays open. When this occurs 
during faults not involving ground or 
during a transient swing of the system, 
negative and zero sequence currents are 
introduced into the system, causing pos- 
sible misoperation of ground relays. Test 
L, Table V, shows the zero-sequence 
current introduced into the system when 
one gap fires during a transient swing of 
the system. This test was made on the 
Grand Coulee—Midway compensated sys- 
tem. 

Continuing the study of relay opera- 
tion during abnormal operation of the 
protective gaps, Tables VI and VII con- 
tain tests made at minimum system con- 
dition of the Grand Coulee—Midway com- 
pensated system. During this condition 
the 3-phase fault currents are low; there- 
fore, any number of gaps might fire dur- 
ing a 3-phase fault. These tests show 
that if one gap fires, the voltage is in- 
creased on one of the remaining gaps, and 
if this gap fires the voltage is increased on 
the last gap. Thus, there is a tendency 
for all three gaps to fire if one gap fires for 
this system condition. These tests also 
provide a comparison of the results ob- 
tained by applying a fault at the zero of 
the phase A voltage with those obtained 
for a fault at the crest of the phase A 
voltage. 
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The incorrect operation of directional 
elements of the phase relays when the 
impedance between the relay and a 3- 
phase fault is capacitive is demonstrated 
in Test O, Table VIII. In this test it is 
assumed that none of the protective gaps 
fire. 

Test P on the same table shows correct 
operation of the directional elements when 
the source is reclosed on a 3-phase fault. 
Air is assumed to be flowing in the gap 
when the line is reclosed; therefore the 
gap opens on the first current zero after 
it fires. Both of Tests O and P were run 
on the Grand Coulee-Midway compen- 
sated system. 


Effect of Series Compensation on 
Protective Relay Performance 


The protective-relay application prob- 
lems introduced by series compensation 
and by the operation of the associated 
protecting gaps have already been out- 
lined. The computer studies covering the 
various critical situations have been de- 
scribed and the action in each individual 
case detailed in the Tables I through 
VIII. It is the purpose of this section to 
review and interpret these individual 
findings as they apply to the various 
types of line-protective relays in common 
use. 


PHASE COMPARISON CARRIER RELAYS 


These relays compare the phase of the 
currents at the two ends of a transmission 
line via a carrier (or equivalent pilot) 
circuit and trip if the currents are of fault 
magnitude and are more than approxi- 
mately 50-degrees apart. Normal-load 
currents entering one end and leaving the 
other are in phase except for line-charging 
current. 

For all through-fault conditions in 
which the fault is external to the series- 
compensated line, no appreciable phase 
differences were expected or observed. 
Thus phase-comparison relays may be 
used on the series-compensated line or on 
adjacent lines without any hazard of 
misoperation for faults external to the 
series-compensated line. This is without 
regard to the amount of compensation or 
to the nature of gap operation, and in- 
cludes consideration of faults, load swings, 
and reclosing. Typical computer results 
demonstrating this condition are given in 
Tests 1.2 and 1.4, Table IV. 

For internal faults on the compensated 
line, correct operation is indicated for 
phase-comparison relays on all adjacent 
lines. However, a failure to trip for the 
internal fault may occur if the compensa- 
tion results in net capacitive reactance 
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from the fault to one of the sources, or to 
the equivalent-system star point, as out- 
lined in the introduction. 

For small amounts of compensation 
such as used for equalizing line loading, 
this possibility can usually be ruled out 
by a quick inspection of the impedance 
diagram. In fact, with the capacitor in 
the middle of the line and of less than 50 
per cent of line reactance, there is no 
fault location for which the impedance is 
capacitive from fault to either line ter- 
minal, and hence it cannot be capacitive 
to a source or star point. Test O, Table 
VIII, and Tests I.1 and I.3, Table IV, are 
illustrative cases of correct internal fault 
operation of phase-comparison relays 
when the compensation leaves both 
sources inductive for all internal faults. 

It is important to note that if this single 
condition is met (reactance to both sources 
inductive for all fault locations) then the 
series compensation introduces no restric- 
tions whatever on the use of phase-com- 
parison relays, either on the compensated 
line or on neighboring lines. 

The condition must be tested for both 
positive and zero sequence currents as the 
phase-comparison relays respond to posi- 
tive-sequence currents for 3-phase faults 
and largely to zero-sequence currents for 
single-line-to-ground fault. 


REACTANCE TO A SOURCE OR STAR POINT 
CAPACITIVE 


When one path for fault current flow is 
inductive and the other capacitive, the 
relative phases of currents at the two ends 
of the line for an internal fault is ap- 
proximately the same as obtained for an 
external fault. The phase-comparison re- 
lay then fails to trip for the internal fault 
unless some further influence comes into 
play. The capacitor protective gap may 
operate removing temporarily the series 
compensation and permitting normal 
operation of the relays. To prove safe 
operation in this mode, it is necessary to 
check that for all fault locations, either on 
the compensated line or its neighbors, 
where the impedance to one source may 
be capacitive, and if phase-comparison 
relays are depended on to trip for that 
fault, that sufficiently fast gap operation 
will be obtained to meet the relaying needs 
at the currents corresponding to the relay 
settings. It must further be checked that 
the gap resistances are sufficiently low 
that the currents are more than 50* 
degrees out of phase after gap operation 
(calling through-fault currents in phase). 
The check must be made independently 
for phase faults and ground faults since 


*Check value for individual relay. 
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the fault area in which the reactance to 
one source may be negative will differ 
for the two types of faults. 

Thus the gap operation may result in 
satisfactory phase-comparison relay oper- 
ation even in some cases where the re- 
actance to one source or the star point is 
capacitive. 


DIRECTIONAL COMPARISON CARRIER 
RELAYING 


This type of relaying depends for its 
operation on comparison of the measured 
fault current directions at the two ends of 
the line. It usually requires also the 
operation of fault detectors which rule out 
tripping on low magnitude currents or 
high impedances. The effects of series 
compensation of lines to be considered are 
therefore of three general varieties. 


1. Wrong indications given to directional 
elements due to having capacitive reactance 
from a bus to a fault. 


2. Circulating currents due to the series 
unbalance occasioned by unsymmetrical 
gap operation. 


3. The shifting line impedance as the gaps 
cut in or out, and its effect on distance relay 
setting co-ordination. 


For directional-comparison relays to be 
entirely in the clear, it is necessary to 
demonstrate their substantial immunity, 
in the particular application, to these 
three phenomena. Not only relays on the 
compensated line, but also on neighboring 
lines may be affected and should be 
checked for these three possible in- 
fluences. Applications will now be con- 
sidered with respect to these three prob- 
lems, in order. 

Most serious is the possible wrong in- 
dication to directional elements. This 
occurs for the phase relays if the react- 
ance from the relay to the fault is capaci- 
tive. It occurs for residual relays if the 
reactance from the relay to the source is 
capacitive. Relay directions are all based 
on these reactances being inductive, and 
this relationship must be retained since 
most of the circuits will be inductive even 
when a few capacitive circuits are intro- 
duced into the system. 

This problem is completely eliminated 
in those cases where the capacitor is 
located in the middle of the line and com- 
pensates less than 50 per cent of the line 
reactance. For then the impedance from 
any relay to any fault or to any source is 
inductive. Test I, Table IV, shows illus- 
trative cases of successful directional ele- 
ment functioning under this condition, 

The next possibility is that even though 
a capacitive circuit exists from a relay toa 
fault (or to the source for residual relays), 
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gap operation will occur with sufficient 
rapidity to prevent any misoperations. 
The first and simplest thing to investigate 
is the possibility of a fault for which no 
gap operation is obtained. If such is 
likely for conditions under which the 
tripping of the wrong lines would not be 
permissible, a change must be made either 
in the relaying or capacitor application, 
and it would be worthless to go further 
into gap operation for this case. 

For phase relays the worst condition 
will be a minimum fault, possibly under 
an emergency or test condition which re- 
sults in currents too low to operate the 
gaps. For residual relays a ground fault, 
with resistance reducing the current to the 
minimum trip of the relays, might be 
considered. The gap voltage can then be 
calculated from the resulting line cur- 
rents. If this voltage exceeds the gap 
operating voltage by a reasonable margin, 
the computer studies indicate correct 
directional indications. This is further 
predicated on the resistance in series with 
the gap being low enough so that the cir- 
cuit becomes definitely inductive when 
the gap operates. 

Correct directional operations depend- 
ent on gap operation are shown in Test K, 
Table V. Incorrect directional operation 
in event of no gap operation or partial gap 
operation is shown in Test K.1 of Table V, 
VI, and VII, and Test O of Table VIII. 
Cases of incorrect directional operation 
even with gaps, but due to too high series 
gap resistance are shown in Tests D, E, 
and F of Table III. 


SERIES UNBALANCE AND CIRCULATING 
CURRENT 


The adverse effects of circulating re- 
sidual current induced from another line, 
or introduced by a series unbalance are 
quite well known. When residual current 
simply flows through a line to a fault, the 
polarizing and line current directions are 
respectively “up and in’ at the sending, 
“up and out” at the receiving end, the 
latter “pointing out” and giving a correct 
blocking signal. 

The circulating residual current, how- 
ever, is “up and-in” at one end, ‘“‘down 
and out”’ at the other. Both ends “‘point 
in” and there is no’blocking action. If the 
current is large enough. a faulty trip re- 
sults. 

The simplest example of this action for 
a series-compensated line is when but one 
gap operates for a heavy load swing or a 
remote 3-phase fault. This introduces a 
series source of residual voltage on the 
line and results in circulating current both 
in the compensated line and in parallel 
lines. The directions are such as to cause 
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a faulty tripping. Correct discrimina-* 
tion therefore depends purely on mag- 
nitude of the resulting circulating cur- 


rent. For the case studied the circulating — 


current in the compensated line amounted 
to 23 per cent of the capacitor full-load 
current and is shown in Test L of Table 
V. This was taken for the largest swing — 
that might result in operating only one 
gap. If more gaps operate, the residual 
current is reduced. Currents in the 
parallel lines are much less than in the 
compensated line; the proportion can be 


readily estimated from the zero-sequence — 


diagram. 

A residual current of the same order of 
magnitude but of very short duration is 
obtained due to the sequential operation 
of gaps even for very high 3-phase cur- 
rents. Such a case is shown in Test I of 
Table IV. 

Thus assurance of correct operation 
from the standpoint of circulating current 
requires that the residual relays have 
current settings above the maximum cir- 
culating current that can be occasioned 
by operation of a single gap. This in turn 
occurs for a 3-phase current that results 
in a capacitor voltage just equal to the 
gap setting. A suitable margin must of 
course be allowed. 


LINE IMPEDANCE CHANGES 


This phenomenon is quite obvious and 
mainly requires that the fault detectors 
have sufficient reach even with the com- 
pensation nullified by gap operation. In 
the case of the first-zone distance ele- 
ments, if their settings are based on the 
compensated line impedance, their reach 
will be foreshortened when the gaps 
operate. However, if dependence is 
placed on gap operation and the first-zone 
elements set for the uncompensated value, 
then study must be given to the possible 
overtripping in event of minimum system 
conditions that do not operate the gaps. 


OTHER RELAYS 


The phenomena described for phase- 
comparison relays may also occur in 
connection with any differential relays 
whose protective zone includes the series 
capacitors. Such might include differen- 
tial protection around the capacitor it- 
self, or pilot wire relays of the current dif- 
ferential.type. | 

Two of the three phenomena discussed 
in connection with directional-comparison 
carrier relays, namely possible directional 
element misoperation, and change in 
reach of distance elements, apply equally 
well to directional and distance elements 
not involving carrier or equivalent pilot 
channels. 


ATEE TRANSACTIONS 


Conclusions 


The economy of series compensation 
and the benefits to be obtained have been 
demonstrated in prior studies. This 
critical examination of the transient con- 
ditions, coupled with tests which have 
now been completed on the Chehalis unit 
of the Bonneville Power Administration, 
show that correct operation will be ob- 
tained during faults and reclosing pro- 
vided proper consideration is given to the 
following points. This list does not in- 
elude the usual application considerations 
such as voltage rating, current rating, 
and gap settings. 

1. Is the capacitive reactance less than 
the inductive reactance to a source (or the 
equivalent system star point)? 

If so, phase-comparison relays will trip 
correctly for internal faults on the series 
compensated line. 

If not, they may fail to trip if internal 
faults can occur for which X, exceeds 
X,, and the capacitor protective gaps do 
not operate. 

Control is by capacitor location, gap 
settings, or type of relaying. 

2. Is the reactance capacitive from a 
system bus to any fault location? This will 
always occur if the capacitor is at the bus 
but may be avoided tf the capacitor is in the 
middle of the line and the compensation less 
than 50 per cent of the line. 

If the bus-to-fault reactance may be 
_ capacitive, there is a possibility of mis- 
operation of all directional elements of 
relays at that bus whether voltage or cur- 
rent polarized, and whether associated 
with the compensated line or others. The 
worst case is a capacitor adjacent to the 
bus, a 3-phase fault just beyond, and 
fault current too low to operate the gaps. 
The bus voltage is reversed to its usual 
phase for fault in the same location but 
inductive reactance between busand fault. 


If the bus-to-fault reactance is always 
inductive, this relay problem does not 
exist. 

Between these two simple limits are 
many intermediate cases in which the 
success hinges on gap operation, relay 
characteristics, and type of fault, which 
are treated in detail in the paper. 

It is important to note that phase- 
comparison relaying is immune to this 
difficulty. 

3. Is the circulating zero-sequence cur- 
rent occasioned by single-phase gap opera- 
tion sufficient to trip residual relays falsely? 

A severe case is a system swing or re- 
mote 3-phase fault that operates one gap 
but not the other two. This will circulate 
residual currents in directions to trip in 
the compensated and also in paralleling 
circuits. The magnitude is calculable and 
must be checked against the residual re- 
lay settings. 

Intermediate cases are discussed in the 
paper and hinge on type of fault, system 
impedances, relay time characteristics, 
and nature of gap operation. 

Heavy phase fault current causing gap 
operation in all faulted phases may cause 
a “flick” of residual current due to the 
difference in gap operating times. Usually 
the combined magnitude and duration is 
too small to cause operation of relays. 
The magnitudes encountered in the com- 
puter study being from 1 to 5 per cent of 
the 3-phase fault current for a severe 
case. 

4. Tas due account been taken of the 
change in impedance measured by distance 
relays with the capacitor shorted out or in 
circuit? 

Carrier distance elements must reach 
through the section for both conditions. 
First zone elements must have settings 
based on the reduced or compensated 
impedance unless there is positive assur- 
ance of fault gap operation for all first 


zone faults. Even then a slight delay 
may be necessary depending on the relay 
and system characteristics. 

5. Is the zero-sequence impedance capac- 
itive from any bus to its source? 

If so, the possible misoperation of re- 
sidual directional relays must be checked, 
since zero-sequence voltage is the drop 
from bus to the source rather than from 
bus to the fault. Such a condition may 
generally be ruled out by quick inspection 
of the impedance diagram and is men- 
tioned here mainly for completeness. 

6. Wihull the gaps clear after a reclosure 
under heavy load swings? 

The steady capacitor voltage is never 
reached without passing throvgh a higher 
value. This gave concern lest re-energiz- 
ing during a swing would cause gap opera- 
tion, are extinction, reignition, and so 
forth. The computer studies showed 
that this did not occur for quite high 
swing loads, in fact for the highest that 
could be encountered over the compara- 
tively long lines in question. The gaps 
always cleared on the reclosure, even 
though a gap firing occurred due to the 
reclosing transient. 
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Discussion 


J. R. Curtin and C, C. Diemond (Bonneville 
Power Administration, Portland, Oreg.): 
We were very pleased to notice the close 
agreement between conclusions reached 
through these analogue studies and those 
reached by system tests. 

We appreciate the magnitude of the prob- 
lem undertaken by Messrs. Harder, Barkle, 
and Ferguson in analyzing system and relay 
performance for a series-compensated sys- 
tem. 

We believe that the authors will agree 
that, in general, analogue studies of this type 
will lack conclusiveness because of the multi- 
plicity of parameters and the difficulty of 
duplicating performance of the actual sys- 
tem elements. Potential devices with their 
tuned circuits, the magnetizing character- 
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istics of transformer and corona effects are 
examples of nonlinear system elements diffi- 
cult of representation. In the final analysis, 
analogue studies can give only an indication. 
The final answer must come from actual 
operation and tests of the equipment in 
service. 

As an additional example, the perform- 
ance of protective relays with their inertia 
and resulting time delays are difficult to pre- 
dict. We believe that, in general, the effect 
of relay inertia will be in the direction to im- 
prove operation during transients in a series- 
compensated circuit. The time delay will 
provide a means of at least partially bridging 
the transient periods. Electronic or in- 
ertialess relays would have some disadvan- 
tages in this respect. 

We question the implication that relaying 
will not be a problem where compensation 
approaches 50 per cent for any transmission 
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circuit of appreciable length. For these 
circuits fault magnitudes will tend to be be- 
low gap flash-over values for the end-of-line 
regions. With much more than 30 per cent 
compensation, the use of high speed distance 
relays may be unduly limited and with 50 
per cent compensation the first zone in- 
stantaneous elements would need to be set 
to cover not more than 40 per cent of the 
line inductive impedance, or else risks of im- 
proper relaying must be accepted. We base 
these conclusions on the lack of assurance of 
gap flash-over for faults on the entire line. 

The magnification of the negative react- 
ance of the capacitors as seen by remote (as 
well as near) line terminals which supply a 
portion of the total fault current also should 
be considered. While we believe that the 
Bonneville Power Administration tests of 
the Chehalis installation show that this con- 
sideration is of no consequence when gap 
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operation is assured, it may be of much 
greater importance in case gap settings are 
increased, for any reason, or in case the gap 
flash-over voltage level rises above intended 
settings. 

We have the feeling that the problem 
associated with the circulating zero sequence 
current occasioned by single-phase gap 
operation is not of too great importance, 
except in cases as typified by single tie lines 
between major systems. We agree that 
the condition should be considered in 
analyzing any series capacitor installation. 

These analogue studies and the general 
conclusions drawn from them will be valu- 
able guides to anyone contemplating a 
series capacitor installation. However, it 
will bear repeating that final verification of 
the success of any design can be made only 
by system tests and operational experience. 


E. L. Harder, J. E. Barkle, and R. W. 
Ferguson: Messrs. Curtin and Diemond 
have called attention to the close agreement 
between the conclusions derived from the 
analogue computer studies described in this 
paper and the conclusions reached as a re- 
sult of system tests. They also state that 
“analogue studies of this type will lack con- 
elusiveness.”’ We believe that the close 
agreement between the computer studies 
and the system tests proves the value and 
reliability of the analogue computer in pre- 
dicting system performance under condi- 
tions similar to those studied. It is true 
that there are many parameters and compli- 
cated circuit elements involved, but these 
can be restricted in number and complexity 
by profit in knowledge from previous studies 
of a similar nature. 

The analogue computer is like all similar 
computing devices in that it depends on 
correct set-up of the problem and correct 
analysis of the results in yielding a correct 
answer. Circuit elements such as potential 
devices with their tuned circuits, the mag- 
netizing characteristics of transformers, and 
corona affects are not difficult of representa- 
tion on the analogue computer and each has 
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been set up at one time or another to deter- 
mine its affect on a specific problem. For 
example, the effect of the transient per- 
formance of coupling capacitor potential 
devices on relay operation has been studied 
on the computer and the results verified by 
full-scale tests, so the effect of this variable 
in the present problem can be evaluated. 
The same is true of many other parameters 
that might be mentioned. Thus, an almost 
insurmountable task is made relatively easy 
by eliminating those circuit elements whose 
effect can be predicted once certain other 
conditions are known. The problem of 
handling a large number of circuit param- 
eters is reduced by choosing a particular 
system case and varying certain parameters 
during the course of the study to determine 
their effects. 

The authors, therefore, are of the opinion 
that the results of the analogue computer 
studies bear a large degree of conclusiveness 
when properly interpreted. The results are 
the equivalents of mathematical solutions of 
the cases studied and as such represent a 
very considerable saving in time and man- 
power. 

The great value of the computer is in 
proving the validity of an application, but of 
course, the long-time effect of system opera- 
tion on the equipment involved can only be 
proved by actual operation. Of equal im- 
portance, is the fact that the flexibility of 
the computer is far greater than that of an 
actual system and a far greater range of 
conditions can be covered. System tests of 
a similar nature are usually difficult or im- 
possible to make. 

The conclusions stated in the paper are 
based on the popular forms of electro- 
mechanical relaying presently in use and as 
described in the paper. 

It is impossible by mathematical analysis 
to predict the operation of these relays for 
given electrical conditions including the 
effects of inertia. 

This is merely a matter of taking into 
proper account the various forces operating 
within the relay. However, the authors are 
of the opinion that for the relay operating 
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“é 
times involved, the effects of inertia/in the 
present problem can be neglected. The de-— 
velopment of electronic or inertialess relays 
would require further study if their operating — 
times were considerably shorter than those — 
now considered standard for electrome- — 
chanical relays. 

We understand that the discussors’ 
reference to compensation of 50 per cent is — 
in connection with the second conclusion of 
the paper, which states that the circuit be- — 
tween the bus and the fault will never be 
capacitive if the capacitor is in the center 
of the line and the compensation is less than 
50 per cent. Misoperation of directional 
elements can occur when the circuit between 
the relay and fault is capacitive. The 
effect of the degree of compensation on im- 
pedance element settings is covered in con- 
clusion 4. Actually, with directional-com- 
parison carrier relaying, the compensation 
can approach 50 per cent provided the user is 
willing to rely on tripping through the sec- 
ond impedance element and carrier, reducing 
the reach of the first element or entirely 
eliminating it. However, one should not 
overlook the fact that location of the capaci- 
tor adjacent to the bus is hazardous from the 
standpoint of directional element operation 
if protective gap operation does not occur. 

Magnification of the capacitive reactance 
as mentioned by the discussors must be’ 
considered in applying impedance relays in — 
the same light as any impedance under 
similar conditions. The effect may be 
critical for some relay locations and require 
modification of the relay setting. 

The information and conclusions derived 
from these analogue computer studies have 
inspired a great deal of confidence in the 
soundness of series compensation so far as 
transient and relaying effects are concerned. 
System tests on a somewhat restricted basis 
have thus far supported these conclusions, 
and it is the authors’ conviction that opera- 
tion over a long period of time will add 
further support. Without the benefit of 
these studies, it is conceivable that the use of 
high-voltage series compensation might have 
been delayed for quite some time, 
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Development of Corona Measurements 


and Their Relation to the Dielectric 


Strength of Capacitors 


R. J. HOPKINS 


ASSOCIATE MEMBER AIEE 


Synopsis: Development and evaluation of 
eorona measurements have contributed 
greatly toward solution of the problem of 
determining satisfactory voltage stress 
levels in capacitors. Until recent years, 
short-time voltage breakdown tests were the 
only quick means of determining required 
dielectric thicknesses. However, practical 
operating voltage stress levels were estab- 
lished more by service experience than by 
short-time measurements. The time con- 
sumed in obtaining the service experience 
on new materials or designs made advances 
-in design practice slow and _ uncertain, 
During the last 15 years it has become evi- 
dent how closely the life of a capacitor in 
service is linked with the ionization voltage 
level of its dielectric. New measurement 
techniques have been developed, by means 
of which insulation ionization levels can be 
quickly and quantitatively established. 
Results of ionization tests have been corre- 
lated with long-time life tests and service 
experience. As a result, it now is possible 
to use the ionization test as a valuable guide 
in selecting improved dielectric materials, 
and in designing to meet new operating 
conditions. While this paper refers specifi- 
cally to the very thin dielectrics used in 
capacitors, the techniques described can be 
applied also to evaluate electrical insulations 
for other devices. 


Need for New Techniques in 
Establishing Voltage Stress Levels 


UALITY of dielectric materials is of 

vastly greater importance in a 
capacitor than in resistive or inductive 
devices. The size and cost of the latter 
depend largely on the properties of the 
conductor and magnetic materials, 
whereas the size and cost of a capacitor 
vary almost inversely with the square of 
the voltage strength of the dielectric be- 
tween its conductors. Because this is 
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T. R. WALTERS 


MEMBER AIEE 


M. E. SCOVILLE 


FELLOW AIEE 


true of capacitors, economic necessity 
dictates that-the voltage strength and 
uniformity of the dielectric be the highest 
obtainable, so that a minimum thickness 
can be 
capacitor industry has grown to major 


used, Consequently, as the 
proportions, very extensive research and 
development programs have been carried 
on to improve capacitor dielectrics and 
their application, 

The dietectric materials, such as glass, 
petroleum wax, and oil-saturated papers, 
first used in capacitors, were those already 
developed for other applications, The 
voltage strength of such materials was 
determined by short-time breakdown 
tests, with either power frequency or 
direct voltage applied. Much work of this 
type was done under the able direction of 
F.M, Clark.!~! Such test data were used 
in investigating new materials and proc- 
esses of manufacture. Life tests of 
three to five years duration and ex- 
perience with, capacitors in service pro- 
vided a basis for selection of operating 
voltage stress) levels. Advance in capac- 
itor design was slow but successful dur- 
ing the early 1980's, 

At that time some important conclu- 
sions were reached: 


1. Rapidly applied breakdown data as a 
criterion of adequate life in service are unre- 
liable and frequently misleading as such 
breakdown voltage values are six to ten 
times the safe operating voltage level in 
service, z 


2. Service experience as a means of estab- 
lishing safe operating voltage stress levels in 
capacitors is satisfactory, but too slow to 
permit reasonably rapid introduction of new 
materials, or to obtain design data for new 
voltage conditions, 
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Early insulation breakdown = studies 
had included small glass-covered samples 
energized in a dark room which permitted 
observation of corona discharge as light 
The voltage 


levels which produced visible corona dis- 


spots at the electrode edges, 


charge were found also to cause per- 
manent markings on the 
samples adjacent to the electrode surface. 
The literature contains reports of work 
done by Whitehead,s Dawes,* Shanklin’ 
and many others using dielectric power 


insulation 


factor measurements as a very successful 
indication of ionization damage in cables. 
However in capacitors, the amount of 
damage done to the dielectric, before de 
tection by power factor increase is pos- 
sible, is so great as to eliminate this 
method from our consideration, 

The authors of this paper, together 
with several other interested engineers 
and researchers, recognized these im 
portant considerations in the early 1930's 
and began to investigate improved test 
methods to meet the need for a more ac 
curate means of determining practical 
voltage strength levels. 


Development of Test Techniques in 
Measuring Voltage Ionization 
Levels 


Thus, when in 1935 a general laboratory 
study of dielectric phenomena instigated 
by K. RK. Paluevs® was placed under the 
direction of one of the authors, it was 
quickly found desirable to devise a sensi- 
tive means of actually measuring, rather 
than just visually observing, the corona 
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Figure 3 (right). 


starting voltage. A reasonable first ap- 
proach to this measurement problem 
seemed to be one of balancing out the 
normal 60-cycle charging current, and 
observing what was left. As a result, an 
available Schering bridge was used, with 
its output at the detector terminals fed 
through a broad-band amplifier into a 
standard magnetic type oscillograph. 
See Figure 1(A). Although this work 
was done independently, it was soon 
learned that others!" had developed 
much the same method. 

During the next five years, several im- 
provements were made in the method. 
The Schering bridge circuit was modified, 
a better broad-band amplifier built, and a 
cathode-ray oscilloscope substituted for 
the magnetic oscillograph. A radio-noise 
meter was sometimes used as a detector. 
See Figure 1(B). At this stage, corona 
currents in the order of 6 & 10 amperes 
could readily be measured. Chokes were 
added to smooth the applied voltage 
wave and a high-pass filter added to the 
measuring circuit. See Figure 1(C). 
Later the choke coil was changed to a low- 
pass filter, Figure 1(D). The final step 
was to add a high-voltage capacitor in 
parallel with the sample capacitor and 
series measuring inductance. This is a 
refinement of the resonant circuit de- 
scribed by Quinn’ in 1940, 
1(E) and Figure 2. 

This latest circuit proved to be from 
200 to 600 times more sensitive than 


See Figure 
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Schematic circuit diagrams of stages of developments 
in test equipments for measuring ionization voltage stress levels in 
C,=standard air capacitor; C,=test sample; A, 
and A,=resistance-capacitance coupled amplifiers input to magnetic 
oscillograph and cathode-ray oscillograph, Rym=radio noise meter 


Comparison of ionization intensities versus voltage for 
three typical dielectric samples 


INTENSITY OF CORONA—10 
fo) 


either the early oscilloscopic or the radio 
noise method. With its use a new type of 
ionization disturbance, extremely small, 
was found to exist in certain capacitors at 
voltages much below visible and even 
below ionization starting voltages 
cated by earlier methods. Thus it be- 
came evident that the intensity of ioni- 


indi- 


Figure 2. Test equipment rated 7 kv, 60 
cycle for measurement of ionization voltage 
levels in capacitors and insulation samples 
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APPLIED VOLTAGE— 60c RMS 


zation had to be evaluated numerically or 
the corona starting voltages would be 
considered primarily a function of the 
sensitivity of the equipment. 

Each pulse of ionization current inde- 
pendently produces an instantaneous 
voltage AE between the electrodes of the 
test sample, the most severe pulses pro- 
ducing the greatest voltages. Intensity of 
ionization (/) was defined as the product 
of the greatest value of A/ multiplied by 
the capacitance C of the test sample, 


1 =10"CAE (1) 
where 


J=intensity of ionization in micromicro- 
coulombs 

C=capacitance between test electrodes in 
farads 

E=change of voltage on capacitor C caused 
by a single pulse of ionization. This 
must be measured on a ballistic basis; 
that is, the change AE must be com- 
pleted before appreciable charge 
flows to the capacitor from the ex- 
ternal circuit. 


Means of calibration were necessary, 
so a device was developed including a d-c 
microvolter to introduce a known charge 
into the measuring circuit. This charge 
produced a vertical line on the oscillo- 
scope screen, the same as those caused by 
ionization pulses. Although the pulse is 
actually a high-frequency transient, the 
horizontal sweep frequency of the cath- 
ode-ray oscilloscope is so slow relatively 
that the transient wave is compressed toa 
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Figure 4 (above). Average 60-cycle corona starting voltage stress ver- 
sus dielectric thickness for typical diphenyl chloride impregnated kraft 
paper capacitor dielectric 


Figure 5 (right). Average direct voltage breakdown versus dielectric 

thickness for typical capacitor dielectric samples of diphenyl! chloride 

impregnated 0.5 mil sheets of kraft paper. (A) Direct voltage in- 

creased to breakdown in 100-volt steps with voltage held 10 seconds at 

each step. (B) Impulse voltage applied with front of wave breakdown 
in about 5 microseconds 
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0.5 microfarad are tested. The sample 
rating inherently affects the sensitivity as 


single vertical retraced line of height AZ. 
The magnitude of the known pulse is 
varied until it produces the same deflec- 
tion on the cathode-ray screen as the 
ionization pulse. The AZ of the known 
pulse then equals the AZ of the ionization 
pulse; the capacitance C of the sample 
can be readily measured on any capaci- 
tance bridge and the intensity (J) cal- 
culated from equation 1, 

This improved technique permits meas- 
uring ionization intensity independently 
of all circuit constants. This is in marked 
contrast to’ the} commonly used radio 
noise microvolt unit which depends as 
much upon capacitance of the test sample 
and other circuit constants as upon the 
amount of ionization produced in the 
sample. Test results are reproducible on 
a given sample, making it possible to ob- 
tain comparative measurements with 
variation of temperature, pressure, volt- 
age wave shape, and all other pertinent 
variables which may affect quantitative 
values. Aging and the effect of time, with 
repeated measurements on a given sample 
give particularly valuable technical in- 
formation. 

About a year after the new intensity 
unit and calibrating device were put into 
use, Austen and Hackett!’ proposed the 
use of the micromicrocoulomb as the unit 
of ionization intensity. They did not 
show a means of calibrating their equip- 
ment, which was not as sensitive as that 
described here. In fact, the equipment 
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used here had reached the ‘‘optimum 
practical conditions” that they predicted 
from a theoretical analysis of the factors 
limiting sensitivity. 

Originally the capacitance of test 
samples was limited by practical circuit 
constants to a value below 0.1 micro- 
farad. With the increased sensitivity in 
the latest test equipment samples up to 


the higher capacitance absorbs the ioniza- 
tion energy making the signal to the de- 
tecting amplifier weaker. It is desirable 
to be able to measure a completed 15- 
kyar or 25-kvar capacitor, but such is 
beyond present capabilities. 
Measurements made on a given sample 
may include ionization intensities for a 
range of applied voltages. Plotted in 
these two parameters characteristics as 


—————— 
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Figure 6. Average direct voltage breakdown strength for typical capacitor dielectric pads 
built up with five different capacitor paper thicknesses showing effects of varying the number of 
paper sheets between electrodes 
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Figure 7 (above). 


Paper cost per pound versus sheet thickness 
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Figure 8 (right). Corona starting voltage versus paper density (dry 
apparent density before impregnation) for a typical capacitor dielec- 
tric of diphenyl! chloride impregnated kraft paper 4.0 mils thick 


showu in Figure 3 are obtained for three 
different dielectric materials. One char- 
acteristic is common to all curves, at 
some voltage value the intensity increases 
very rapidly. This break-point (‘‘A”’ on 
curves Figure 3) indicates a condition of 
continuing contagious ionization in the 
sample, and the voltage at which it occurs 
has been defined as the corona starting 
voltage for a given sample. 


Correlation of Corona Starting 
Voltage Measurements with 
Practical Experience 


During the time that the measurement 
method was being improved, studies were 
being made to correlate the measurements 
with practical experience. Even with the 
relatively low order of sensitivity avail- 
able in 1936, it was possible to show good 
correlation between corona starting volt- 
ages and the results of accelerated life 
tests. 

With the greatly increased sensitivity 
in use after 1941 it became possible to 
establish close correlation between the 
corona measurements and service ex- 
perience. Ionization which formerly had 
been undetectable was found in some 
cases to be damaging and to lead to re- 
duced life. The effect of very short ap- 
plications of voltage, from a fraction of a 
cycle up to hours and longer, could be 
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determined, and thus voltage limits for a 
wide variety of capacitor applications 
could be intelligently specified. 


Influence of Corona Starting Voltage 
Measurement on Dielectric 
Design 


Capacitor dielectrics must have ioniza- 
tion voltage levels sufficient to withstand 
normal frequency overvoltage surges and 
transients with wide variations in wave 
shape, such as imposed thereon by switch- 
ing operations. They must have ultimate 
strengths sufficient to withstand lightning 
surges permitted by standard lightning 
arresters. Some of the more important 
factors affecting these requirements will 
now be considered. 

By the time accurate ionization volt- 
age measuring apparatus was available, 
service experience had roughly delineated 
the design characteristics of a successful 
capacitor dielectric. A range of satis- 
factory stress levels was known, although 
not all factors involved were evaluated. 
The effect on corona starting voltage of 
such variations as number of sheets of 
paper, thickness of dielectric between 
foils, density of paper, types of liquid, and 
variation in clamping pressure was un- 
known. However, these variables were 
known to have an important effect on the 
initial dielectric strength of the dielectric. 
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Even more important is the effect of time 
and temperature on the voltage strength 
of the dielectric. 

The dielectric samples used for the 
tests reported in the following discussion 
were constructed as nearly like commer- 
cial designs of capacitors as possible. The 
capacitances of the sample rolls were in 
the range of 0.2 to 0.5 microfarad, which 
is less than is used in large size standard 
units. Unless otherwise specified, the 
samples were wound with standard kraft 
papers, impregnated with pentachlor di- 
phenyl and tested under conditions of 
normal room temperature (20-30 de- 
grees centigrade) and pressure (29 in. 
Hg). 

Tests show that for a given thickness of 
dielectric between foils the ionization 
voltage is independent of the number of 
sheets of paper within the limits of two to 
ten sheets. The average corona starting 
voltage stress decreases as the thickness of 
dielectric between electrodes is increased, 
as shown in Figure 4. It is apparent from 
this curve that the highest ionization 
voltage level can be realized by the use of 
very thin dielectric pads between foils. 
If necessary for total voltage strength the 
pads can be connected in series. How- 
ever, impulse strength must also be con- 
sidered. Curves of impulse and direct 
voltage strength are shown in Figure 5. 
The impulse breakdowns were all on 
either front or crest of wave, with four to 
five microseconds time to breakdown. 
Shorter times to breakdown are difficult 
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to obtain with existing equipment be- 
cause of the inherent ability of capaci- 
tance to slope off an impulse wavefront. 
Direct voltage breakdown stresses were 
obtained for the same dielectrics, by the 
step-by-step method (using 100-volt steps 
with each voltage held 10 seconds). The 
short time direct voltage strength in 
general is\slightly lower than the impulse 
strength but the variation with numbers 
of sheets is similar. Since direct voltage 
data are more easily taken, they have 
been used as representing a conservative 
impulse breakdown level for most prac- 
tical considerations. 


Similar direct voltage curves for other 
paper thicknesses are shown in Figure 6. 
All have a common characteristic in that 
maximum strength in volts per mil is ob- 
tained or approached with five or six 
sheets of paper between electrodes. In 
general, the highest breakdown stress is 
obtained with the thinnest papers. The 
reduction, with increasing sheet thick- 
ness, is not serious, however, for the com- 
monly used paper thicknesses. 

As previously stated, the 60-cycle 
corona starting voltage level for a given 
dielectric thickness is independent of the 
number of sheets of paper. This is not 
true of direct voltage breakdown which is 
markedly influenced by the number of 
sheets of paper, below about 5 mils, as 
shown in Figure 6. 


The design of a dielectric is thus in- 
fluenced by the ionization voltage data, 
which indicate that as thin a dielectric as 
possible be used, and by the direct voltage 
breakdown data, which indicate that for 
maximum strength this dielectric should 
be made up of four or more sheets of 
paper. Thus, for a given total dielectric 
structure for a given voltage it would be 
possible to use a number of very thin 
dielectric pads, each with an optimum 
number of sheets, connected in series. 
Such a dielectric structure would have a 
very high ionization voltage compared to 
one made up of thicker pads, but would 
have only slightly higher breakdown 
strength as far as impulse is concerned. 
The cost of such a dielectric structure 
would be high because the cost of the 
thinner papers is high as shown by a 
typical paper price level curve, Figure 7. 
It may be concluded that the use of more 
sheets of thinner paper is economically 
justified only where unusually high 
voltage surges are expected. 

For normal high-voltage 60-cycle serv- 
ice, pad thicknesses of 2.5 to 3.5 mils 
have a satisfactory ionization level and 
direct voltage breakdown and make use of 
thicker, less costly papers. A 4-sheet 
dielectric, although exhibiting a satisfac- 


1951, VoLumME 70 


tory breakdown strength, may be unde- 
sirable. Experience has shown that di- 
electrics with four sheets and less are 
more erratic as to dielectric strength and 
contribute to higher failure percentages 
in the final factory overvoltage test. 
Therefore, 3- and 4-sheet dielectric 
pads are, in general, economically justi- 
fied only for low-voltage ratings (below 
600 volts alternating current). Higher 
factory losses at final electrical test are 
justified for such low voltage ratings. 

The component materials in a dielec- 
tric pad have individual properties which 
contribute to the corona starting voltage 
level of the composite impregnated in- 
sulation. Such properties of the dielectric 
materials as dielectric constant, dielectric 
loss, and permanent chemical stability do 
effect the corona starting voltage level 
but are beyond the scope of this paper. 
The following discussion is concerned with 
some of the other important variables 
affecting the corona starting voltage level 
for a given composite dielectric pad. 


Effect of Solid-Liquid Relationship 


The density of the paper and conse- 
quently the ratio of fibrous material to 
impregnating liquid affects the corona 
starting voltage level. If a lower density 
paper is used, then the relative amount of 
liquid is higher. A change in dry ap- 
parent paper density'* from 0.7 to 1.1 
grams per cubic centimeter causes about 
8 per cent decrease in corona starting 
voltage level, as shown in Figure 8. This 
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change is less than that reported for 
mineral oil impregnated cable papers by 
J. B. Whitehead" who shows 11 per 
cent decrease in corona starting voltage 
level for change in density from .85 to 
1.12 grams per cubic centimeter. 

However, there is an offsetting factor 
where impulse or direct voltage strength 
is also of importance. Tests have shown 
conclusively that ultimate direct voltage 
strength for pentachlor diphenyl treated 
paper having a density of 0.75 gram per 
cubic centimeter will average lower than 
for one having a density of 0.9, in thick- 
nesses of three mils or less. Figure 9 
shows comparative breakdown voltage 
stresses for the two papers. Breakdown 
results are more erratic for the lower 
density paper, which contributes to a 
lower average breakdown, particularly for 
the thinner dielectrics. Because of this, 
experience has shown that a _ higher 
number of failures is obtained in final 
factory voltage test for the lower density 
paper dielectrics. 

In practical winding and assembly of 
capacitor rolls, adjacent sheets of paper 
and foil have some free space between 
them which is later filled with the im- 
pregnating pentachlor diphenyl. This 
free space is variable, depending on the 
clamping pressure applied during as- 
sembly of a roll pack. It is commonly 
called “per cent film’ and is based on the 
nominal paper thickness. Increasing the 
per cent film increases the corona starting 
voltage level, as shown by Figure 10, 
giving the same effect as reducing the 
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Figure 9. Average direct voltage breakdown strength versus dielectric thickness between 
electrodes for a typical capacitor dielectric of diphenyl! chloride and kraft paper of two different 
densities 
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Figure 10. Corona starting voltage versus per cent film for typical capacitor dielectrics of three 
thicknesses 


paper density. The effect of film varia- 
tion is greater for dielectrics of two mils 
thickness and below. Practically any 
film from 10 to 30 per cent is satisfactory, 
and this factor is varied in practice to aid 
in standardization of paper thicknesses 
and sizes of containers. 


Effect of Impregnant 


The impregnating liquid can have con- 
siderable effect on the corona starting 
voltage level of the composite dielectric 
pad. Pentachlor diphenyl has super- 
seded mineral oil since 1931 as a more 
suitable kraft paper impregnant for most 
a-c capacitor applications. However, it is 
surprising to compare their corona start- 
ing voltage levels. Figure 11 shows 
mineral oil to have an 83 to 96 per cent 
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higher level than pentachlor diphenyl. 
On the basis of this comparison alone it 
appears that oil would have an advantage 
even to the extent of permitting a higher 
voltage rating. This could offset a 33 per 
cent lower dielectric constant for oil and 
permit a higher kilovar rating per-unit 
volume. But these data are misleading, 
as there is another important factor to be 
considered. This high corona starting 
voltage level for mineral oil is the initial 
value before any continuous operation 
comparable to life in service. 

Mineral oil is not stable with time in 
service and the initial high corona starting 
voltage level decreases quite rapidly. It 
has been well established that the long 
time and even relatively short time 60- 
cycle breakdown voltage strength of 
pentachlor diphenyl and kraft paper is 
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Figure 11. Comparison of average corona starting voltage versus di- 
electric thickness for two impregnating liquids with kraft paper in typical 


capacitor dielectrics 
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somewhat higher than that of mineral oil 
and kraft paper. For example, specially 
designed capacitors were built and her- 
metically sealed in metal cases, with in- 
dividual rolls connected to separate bush- 
ings so that measurements could be made 
on each roll. Half of these identical 
capacitors were impregnated and filled 
with pentachlor diphenyl and half with 
mineral oil. The capacitors were placed. 
on a-c life test at a 50 per cent overvoltage 
in an ambient temperature equivalent to- 
the maximum expected in service. Co- 
rona starting voltage measurements were 
taken before life test and at intervals dur- 
ing life test. After one week, the ioniza- 
tion voltage of the oil impregnated. 
samples had dropped to a range of 12 to- 
50 per cent of the initial values. Some of 
the values were below life test voltage and. 
these samples failed shortly thereafter. 
All oil impregnated samples failed within 
28 days. In contrast, no failures of 
pentachlor diphenyl impregnated samples. 
occurred within one year of life test and at 
the end of one year the corona starting 
voltage levels were unchanged from the 
original values. 

These tests illustrate one of the reasons. 
why mineral oil has been generally un- 
satisfactory for use in power factor im- 
provement capacitors, unless operated at. 
lower voltage stresses than the more 
stable chlorinated diphenyls. These test 
results also illustrate that while good ini- 
tial characteristics are important in a di- 
electric, maintenance of good charac- 
teristics under service conditions is more 
important and is a controlling factor in the 
selection of materials. It is concluded 
that measurement of corona starting 
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Figure 12. Average corona starting voltage versus dielectric tempera- 
ture for two impregnating liquids with kraft paper in typical capacitor 


dielectrics of 3.3 mils thickness 
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voltage levels during life test can well be 
added to other measurements as a test 
of the ability of materia!s to withstand 
the required service and remain stable. 


Effect of Temperature 


Capacitors for installation on power 
circuits qut-of-doors may be subjected to 
ambient temperatures ranging from —40 
to +40 degrees centigrade. If the capac- 
itors are automatically switched, di- 
electric temperatures may reach the lower 
value while de-energized.'8 It is essential 
for reliable service that the dielectric 
operation be satisfactory for such tem- 
perature ranges. Some of the common 
capacitor impregnants are solids at the 
lower temperatures and mey crack or 
form shrinkage voids. Figure 12 shows 
a typical variation of corona starting 
voltage over a temperature range of 
—70 to 100 degrees centigrade for pen- 
tachlor diphenyl impregnated kraft paper 
dielectrics. A satisfactory corona starting 
voltage level exists over the temperature 
range of —30 to +100 degrees centi- 
grade. Below —30 degrees the ionization 
voltage drops sharply so that at —40 de- 
grees centigrade it may be below normal 
operating voltage. Figure 12 also gives 
the ionization voltage characteristics for 
dielectrics impregnated with a special low 
temperature liquid. With this liquid 
a satisfactory corona starting voltage 
level exists to temperatures as low as 
—70 degrees centigrade. These data are 
confirmed by field experience which has 
shown that some random failures have 
occurred when pentachlor diphenyl im- 
pregnated capacitors have been ener- 
gized at temperatures below about —26 
degrees centigrade, whereas no such 
failures have occurred with capacitors im- 
pregnated with the new liquid. 


Thus it can be seen that the measure- 
ment of corona starting voltage level 
over the expected operating range of 
temperature is of value during the de- 
velopment of any new dielectric. Other- 
wise serious difficulties may arise in serv- 
ice due to unforeseen reductions in 
ionization voltage at temperatures other 
than room temperatures, where measure- 
ments are usually made. 


Short-time Overvoltage 
Considerations for Shunt and 
Series Capacitor Applications 


Shunt capacitors have a nominal volt- 
age rating consistent with the continuous 
operating voltage level of the circuit to 
which they are connected. During 
normal service, transient overvoltages in 
excess of rating are also expected. The 
corona starting voltage level of shunt 
capacitors has been, in general, inherently 
high enough to withstand transient over- 
voltages of short duration as normally 
encountered in service. However, the 
actual limits for the transient overvolt- 
ages caused by various switching opera- 
tions were not definitely known. Neither 
was the ability of the capacitor to with- 
stand such transients known with any 
great accuracy. The practice, evolved 
out of experience, is to use a final factory 
overvoltage test of not less than two 
times nominal rating at power frequen- 
cies. 

Shunt capacitors have been well stand- 
ardized in a few voltage ratings to meet 
application needs. On the other hand, 


the application of capacitors connected in 
series with power circuits has been inter- 
mittent, very limited in volume and so 
widely varying in requirements as to 
make standardization impractical. Re- 
cently established National Electrical 
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Figure 13. Typi- 
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60-cycle voltage 
limit versus dura- 
tion in cycles for 
single’ applica- 
tions to a typical 
capacitor: dielec- 
tric of diphenyl 
chloride and 
kraft paper 2.75 
mils thick 
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Manufacturers Association and AIEE 
Standards on series capacitors have in- 
cluded shunt capacitor ratings where 
practical. Since series capacitors are 
also subjected to overvoltages, in this case 
during short circuit faults or overloads on 
the circuit, the overvoltage limit is again 
an important consideration and is usually 
fixed by protective gaps. In the past the 
protective level was limited to two times 
nominal rating which was in agreement 
with shunt capacitor standards. Where 
protective limits greater than twice 
nominal were required due to system 
characteristics, the capacitors were de- 
signed accordingly. 

However, recent developments in the 
field of series capacitors for high voltage 
transmission lines have made it desirable 
to re-examine the earlier position. Some 
applications have required protective 
equipment settings of 2.5 to 3 times the 
rated capacitor voltage. Even higher 
short-time voltage ratings have shown 
economic promise from theoretical sys- 
tem studies. The question naturally 
raised was whether or not dielectrics could 
be operated for periods of a few cycles per 
year at voltages above their corona start- 
ing voltage level without being per- 
manently damaged. 

Typical results of an investigation along 
these lines are shown in Figure 13. This 
figure gives the maximum safe voltage 
that can be applied to a 2.75-mil penta- 
chlor diphenyl impregnated dielectric for 
one application of voltage as a function of 
time of application of voltage based on 
the continuous 60-cycle corona starting 
voltage level as 100 per cent. These data 
were obtained by stepping up voltage 
until a reduction of 60-cycle corona start- 
ing voltage level was observed immedi- 
ately following a single application of 
higher voltage of specific duration. 

Figure 13 is interesting in the light of 
past practice which required that capac- 
itors should never be subjected to volt- 
ages above their corona starting voltage. 
For example, the curve shows that for 15 
cycles, almost 200 per cent of the corona 
starting voltage can be applied without 
damage (reduction in subsequent corona 
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Figure 14. Per cent corona starting voltage versus frequency for a typical capacitor dielectric 
of diphenyl chloride impregnated kraft paper of 3.3 mils thickness 


starting voltage). For a l-cycle voltage 
application, 345 per cent of 60-cycle 
corona starting voltage can be applied. 

This investigation yielded other inter- 
esting data on the effect of repeated over- 
voltages on dielectrics. Frequently-re- 
peated application of voltages somewhat 
below those given in Figure 13 results in a 
measurable reduction in corona starting 
voltage and ultimately reduces the useful 
life of a capacitor. Also repeated ap- 
plications at close intervals will result in 
less damage than one application for a 
number of cycles equal to the sum of the 
cycles for the repeated applications. Both 
of these conclusions are illustrated by 
Table I for the same dielectric. 

These data indicate some recovery of 
the dielectric between repeated short ap- 
plications of voltage which is not present 
in the case of the 1500-cycle application. 

Another illustration of the cumulative 
effect of repeated applications of voltage is 
given in Table II for the same dielectric. 
The voltage applied was 170 per cent of 
the corona starting voltage level, for a 
time of 15 cycles. This voltage is below 
the one application safe voltage of 195 
per cent but above the 100 application 
safe voltage of 146 per cent. The cumula- 


Table | 


Safe Voltage, 
Per Cent of Corona 


Time of Application Starting Voltage 


15 cycles—one application............ 195 
15 eycles—100 applications 
at one minute intervals..........,.. 146 
1,500 cycles—one application..........107 
Table Il 
Number of Per Cent Reduction in 


Applications Corona Starting Voltage 
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tive damage is expressed as a percentage 
reduction in the continuous 60-cycle 
corona starting voltage level. 

A logical question is whether or not 
dielectrics which have been damaged, as 
shown by a reduction of corona starting 
voltage, will recover if allowed to rest. 
Tests have shown that a specific dielec- 
tric, which has been damaged to the ex- 
tent of approximately 15 per cent or less 
reduction in corona starting voltage, will 
recover to its initial value after one week 
rest with no voltage applied. Sufficient 
data are not available to permit general 
conclusions but limited data indicate that 
damage to the extent of a 30-40 per cent 
reduction in corona starting voltage level 
will never be restored by rest. In normal 
service a rest period without voltage is 
unlikely as normal voltage operation will 
usually follow a transient overvoltage, 
which minimizes the practical value of 
corona starting voltage level recovery 
after damage. 

These questions of effect of short time 
overvoltage and recovery are old ones. 
In 1925, Clark! and Montsinger? dis- 
cussed them chiefly in relation to their 
effect on relatively short time breakdown, 
that is, up to 15 minutes. The corona 
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starting voltage method of détecting © 
damage is so much more sensitive than 
the older method, that damage which 
would not cause failure in less than a year 
in service, can be detected. 


Effects of Frequency and Voltage 
Wave Shape 


Increasing frequency from 60 cycles to © 
500,000 cycles decreases the corona start- 
ing voltage level as shown in Figure 14. 
Continuous 60-cycle corona starting volt- 
age measurements have been used as a ref- 
erence base for comparison. Although 
test measurements have not been made, 
it is believed that the characteristic — 
shown in Figure 13 would also apply for 
higher frequencies. : 

In some capacitor applications a 
thorough analysis of all conditions of 
operation reveals that a number of varia- 
tions in voltage wave shape are applied — 
to the dielectric. Power circuit capac- — 
itors encounter transient voltages of 
many wave shapes usually superimposed 
on the normal frequency wave. It is 
generally assumed that energy storage 
with welders, surge generators, et cetera 
are d-c applications of capacitors but the 
wave shape associated with the discharge 
of the energy of the capacitors may cause 
corona starting voltage levels to be a de- 
sign limitation. 

A number of variations in voltage 
wave shape have been studied for effect 
on corona starting voltage level. Typical 
wave shapes are shown in Figure 15. 
Innovations in test equipment arrange- 
ment were necessary to obtain corona 
starting voltage measurements on non- 


repetitive voltage waves and to generate 


repetitive nonsinusoidal waves. The few 
wave shapes studied do not permit rigor- 
ous detailed conclusions. However, in 
general, there is a correlation to show that 


i ae 


B. ISOLATED O-C DISCHARGE 


—f le 


C. REPEATED D-C DISCHARGE 


Figure 15, 
ations in voltage 
wave shape for 
which corona start- 
ing voltage levels 
have been deter- 
mined 


Vari- 


Hopkins, Walters, Scoville—Development of Corona Measurements 


E. REVERSED POLARITY, 
FULL SWING 


DO. REVERSED 


POLARITY» 
HALF 


SWING 


F. 20 CYCLE DISCHARGE 


AIEE TRANSACTIONS 


corona starting voltage levels are de- 
pendent on at least three variables, as 
follows: 


1. The total change in voltage during one 
cycle. 


The total voltage swing for the waves shown 
in Figure 15 has about the same effect as the 
peak-to-peak value of a sinusoidal wave of 
the same repetition rate, disregarding the 
position of the voltage swing with regard to 
the zero axis. 


2. Time required for the voltage change. 


The time required for the voltage swing to 
take place affects the corona starting voltage 
level in the same order of magnitude as in- 
creased frequency (Figure 14) for sinusoidal 
waves. 


3. Length of rest periods between voltage 
changes. 


The interval, or rest period, between voltage 
changes affects the corona starting voltage 
level but has not been evaluated specifically. 


Conclusions 


1. A highly refined test method has 
been developed in the laboratory to 
measure ionization voltage levels in liquid 
impregnated paper dielectrics. 

2. Tonization test data obtained on di- 
electric samples, as a means of determin- 
ing damaging effects of high-voltage 
stress, correlate with life tests and long 
time service experience on capacitors. 

3. Safe operating voltage stress levels 
can be established in a few days by corona 
starting voltage measurements on capac- 
itor dielectrics as compared to years re- 
quired for accelerated life test results and 


service experience, provided chemical 
stability has been established. 

4. Development and evaluation of 
new dielectric materials and design 
features can now be done with dispatch 
thus accelerating sound design. 

5. Safe short-time overvoltage limits 
consistent with expected service life can 
be established by corona starting voltage 
measurements. 

6. The effects of operating variables 
such as temperature, voltage wave shape, 
frequency and overvoltage duty cycle, on 
dielectric stress limits can be studied in 
advance under controlled laboratory con- 
ditions. 

7. Both better quality and lower cost 
capacitors are made available to the user 
with known factors of safety to allow for 
overvoltage conditions. 
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Discussion 


Bror Hansson (Aktiebolaget Liljeholmens 
Kabelfabrik, Stockholm, Sweden): As 
another capacitor maker I want to say that 
this corona bridge must be a wonderful tool 
when you should decide on the design, the 
foil and paper thickness, the impregnating 
liquid et cetera of a capacitor. I would like 
to know what plans the authors have of de- 
veloping this instrument to a production 
tool—a tool for the tracing of production 
faults in full-size commercial capacitor units. 
Such faults usually cover a smaller area than 
10 square millimeters. Considering an in- 
sulation thickness of 0.1 millimeter and that 
the volume of one of your standard capacitor 
units is more than 10,000,000 cubic milli- 
meters a ‘‘sensitivity’”’ of one in 10,000,000 
would be needed. 

It is mentioned in this paper that every 
test takes some of the life out of the insula- 
tion. That would mean that the corona- 
voltage is time dependent. That would 
also mean that the reading you obtain is 
dependent of the time it takes to obtain this 
reading. I am herewith especially referring 
to Figure 8 of the paper and to Figure 1 ofa 
paper entitled The Design of Capacitor 
Units for Series Connection.! Figure 8 
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shows that dense paper has lower corona 
voltage than porous paper, while Figure 1 
of reference 1 indicates that at times shorter 
than 1 second, the a-c strength is higher for 
dense than for porous paper. Our opinions 
would correspond if it takes more than 1 
second to take the corona readings. 


REFERENCE 


1. Tue Desicn or Capacitor UNITS FOR SE- 
RIES CONNECTION, Bror O. N. Hansson. AJEE 
Transactions, volume 70, part II, 1951, pages 1824— 
28. 


R. J. Hopkins, T. R. Walters, and M. E. 
Scoville: There seems little reason to ex- 
pect that this technique can be developed to 
the point of making it a practical test for 
production capacitor units of large capaci- 
tance. Also, Mr. Hansson’s method of con- 
sidering ‘‘sensitivity’’ based on relative vol- 
umes seems less realistic than the method 
described in the paper. 

In the paper where the development of 
the measuring technique was described and 
discussed, a formula (1) defined the ioniza- 
tion intensity in terms of CAE. It can be 
shown by test as well as calculation that the 
value of C is critical, while volume as such is 
not. Since this is so, it can be further 
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shown! that there is a theoretical limit to the 
sensitivity attainable by this method. This 
is the basis for our statement that our 
measurements are limited to about 0.5 
microfarad, and that while it is admittedly 
desirable to measure a completed 15-kvar or 
25-kvar capacitor it is beyond present capa- 
bilities. 

Mr. Hansson states that it is mentioned in 
the paper that every test takes some of the 
life out of the insulation. This should be 
qualified, as it was in the paper, by tying the 
statement in with the effect of over-voltages. 
Unless the sample is deliberately over- 
stressed, there is no damage done by this 
type of measurement. This is because its. 
extreme sensitivity enables us to detect 
corona at intensities below those that cause 
damage. This is the region below point A 
of the curves shown as Figure 3 of our paper. 
Thus, while the time consumed in making a 
measurement is generally longer than 1 
second, it need have no effect on the meas- 
ured value. Also, we would not expect any 
close correlation between corona-starting 


voltage and short time breakdown. This. 
was brought out in the paper. 
REFERENCE 
1. See reference 13 of the paper. 
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A Magnetic Fluid Dynamometer 


DWIGHT W. BRED= 


ASSOCIATE AIEE 


Synopsis: The magnetic fluid formed *y 
mixing finely divided iron and oil has Leen 
used extensively for clutch service and to a 
lesser extent for brake service. This paper 
describes the use of the magnetic fluid in an 
absorption dynamometer. Design data are 
derived and a mechanical power indicating 
instrument is proposed. 


INCE the announcement of the mag- 
S netic fluid by J. Rabinow! in 1948, 
several manufacturers have been pro- 
ducing magnetic fluid clutches for use 
primarily in servomechanisms. Though 
some manufacturers have also produced a 
design for braking service, the author 
knows of no instance where the magnetic 
fluid has been used for absorption dyna- 
mometer applications. The smoothness 
of control and the possibility of simple 
water cooling make this use very attrac- 
tive, particularly where one is required to 
run load tests on larger motors. The 
purpose of this paper is to discuss the de- 
sign criteria and performance character- 
istics of a magnetic fluid dynamometer. 
A magnetic fluid factor is defined and de- 
rived for the dynamometer design pre- 
sented. Further, the use of the dynamom- 
eter as a torque element in a mechanical 
power indicating instrument is pro- 
posed and discussed. 


Design of the Dynamumeter 


The following design data were set up 
as the goal for the design of the dynamom- 
len? 


Power 10 horsepower 
Speed 400 rpm 
Torque 125 foot-pounds 
Water rate 3 gallons per minute 
Gaps 1/16 inch 


Proration of a design suggested by 
Rabinow! was used as a starting point and 
resulted in the dynamometer whose cross 
section is shown in Figure 1. The power 
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and speed values were taken as design 
criteiia as they cetermine the maximum 
torque required of the dynamometer. 
The torque value required was then cal- 
culated from the horsepower and speed 
values assumed. The water rate was cal- 
culated on the basis of 10-degree centi- 
grade temperature rise in the cooling 
water and represents a minimum rate of 
flow for maximum horsepower absorbed. 
The choice of 1/16 inch for the gap length 
is a compromise between the reduction in 
magnetomotive force required and the in- 
crease in the viscous torque resulting in a 
decrease in gap length. The coil was 
wound with 1,252 turns of number 18 
copper magnet wire. The total weight 
of the dynamometer was 70 pounds. 


Testing and Results 


The dynamometer of Figure 1 is shown 
in Figure 2 in the test arrangement. 
The motor used was a 10-horsepower d-c 
machine capable of delivering 128-foot 
pounds maximum torque and having a 
speed range from 600 to 1,800 rpm. The 
dynamometer was mounted on the motor 
shaft as shown in the figure. Operation 
consists solely of provision for varying 
the excitation which can be readily ac- 
complished with the usual potentiometer 
circuit. Torque measurements are made 
with a suitable torque arm. The torque 
characteristic is shown in Figure 3. This 
curve has the same general shape as a 
typical saturation curve of any electro- 
magnetic machine. No variation of 
torque with speed was observed between 
the speeds of 400 and 1,200 rpm. A 
slight decrease in the torque was ob- 
served above 1,200 rpm which may be 
caused by turbulence in the fluid. The 
torque characteristic repeats consistently 
though after standing for any length of 
time the iron particles tend to settle out 
of the mixture and the torque is higher 
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than normal until the iron and oil are re- 
mixed. This period of remixing may be 
eliminated by the use of any of several 
thixotropic agents such as Antaron R- 
210. The addition of a thixotropic agent 
produces a fluid which jells in the static 


condition and supports the iron par- — 


ticles and which liquifies with shearing 
action. 


The power absorbed by the dyna- 
mometer varied from eight horsepower at 
400 rpm to 22 horsepower at 1,800 rpm. 
The power absorbed at 400 rpm corre- 
sponds to 1.7 amperes or 130 per cent of 
rated current in the exciting coil. The 
power absorbed at 1,800 rpm corresponds 
to 0.3 ampere in the exciting coil. This 
value would be about 36 horsepower at 
1.7 amperes but the drive motor used was 
unable to deliver the necessary power. 
Since the dynamometer torque is essen- 
tially independent of speed and since the 
horsepower increases directly with speed, 
the critical point in the design of the 
dynamometer is the horsepower at 400 
rpm which is 20 per cent low with respect 
to the desired design. 


The temperature rise was observed by 
placing thermocouples at strategic spots 
in the dynamometer. Referring to 
Figure 1, the temperature rise of the outer 
surface of the gap was about 70 degrees 
centigrade above an ambient temperature 
of 22 degrees centigrade when absorbing 
10 horsepower. 
the inner surface of the gap was about 80 
degrees centigrade. The cooling water 
temperature rise from inlet to outlet was 
about 15 degrees centigrade for a water 
rate of 1.5 gallons per minute. These 
temperatures indicate that the cooling 
was sufficient to absorb 10 horsepower 
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Figure 1 (above). 


Figure 2 (right). 


though the inner surface of the gap re- 
quires more cooling. 


The Magnetic Fluid 


The dynamometer was tested with 
several mixtures of magnetic fluid rang- 
ing from iron filings in SAE 30 motor oil 
to carbonyl E and silicone fluid. The 
carbonyl E particles range from six to ten 
microns. in. diameter and were the small- 
est particle size used. The silicone fluid 
has a viscosity of 20 centistokes at 75 de- 
grees Fahrenheit and was the fluid of 
least viscosity used. The iron filings used 
are about 2,000 microns in diameter and 
the SAE motor oil has a viscosity of 250 
centistokes at 75 degrees Fahrenheit. It 
was found that the torque increased with 
the amount of iron in the gaps which was 
increased by increasing the ratio of iron to 
oil in the mixture. This increase in the 
ratio is limited by saturation of the iron in 
oil mixture. When saturation occurs the 
mixture is very stiff and the residual 
torque caused by the viscosity effect of the 
mixture is high. This is undesirable and 
as saturation occurs at a ratio of 8-to-l 
for carbonyl E and silicone oil, a ratio 
slightly lower than this was used. For the 
design of Figure 1 the residual torque was 


found- to be about 5 foot-pounds which - 


includes the friction of the bearings and 
seals as well as the viscosity effect of the 
mixture. Some manufacturers of mag- 
netic fluid clutches have used a dry mix- 
ture of iron and graphite or the iron alone. 
These mixtures have not been tested in 
the dynamorreter but it is believed that 
the use of such mixtures would have the 
following effects: 
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Cross section of the dynamometer tested. 
The cooling water connections and the coil leads are not shown 


The testing arrangement showing the relative 
sizes of the dynamometer and a 10-horsepower d-c motor 


+i- 


1. The elimination of the oil in the mixture 
would eliminate any pressure in the mag- 
netic fluid. With the allowed expansion 
volume this pressure is Spor 10 pounds per 
square inch. 


2. The use of the dry cease? would de- 
crease the thermal conductivity in the gaps 
and result in higher temperatures. This 
would increase the possibility of oxidation of 
the iron particles. Any oxidation would de- 
crease the magnetic effect of the fluid. 
With proper cooling this increase in gap 
temperature would not effect the exciting 
coil. 


Sealing the Magnetic Fluid 


In testing the unit it was observed that 
the magnetic fluid expands with increase 
in temperature and that the iron par- 
ticles have'a strong abrasive effect. The 
expansion results in high pressures in the 
magnetic fluid which puts considerable 
stress on the seals. The seals are further 
subjected to rapid wear caused by the 
abrasive- effect of the fluid. Several 
schemes to provide an expansion reservoir 


were tested withthe conclusion that the. 


‘expansion could best be ‘provided for by- 
filling the unit only 90 per cent full. 
Several seals were tested in the unit re- 
sulting in the design shown in Figure 1. 
This design consists of two neoprene O- 
rings between the magnetic fluid and the 
first bearing. An iron guard ring (not 
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shown) serves to trap the iron particles 
and keep them out of the seal. A third O- 
ring after the second bearing maintains a 
positive lubricating oil pressure on the 
second O-ring to help prevent leakage of 
the magnetic fluid to the first bearing. 
When the torque cylinder is rotating 
there is sufficient centrifugal force to 
throw the iron particles away from the 
axis of rotation. Several relief holes are 
drilled in the torque cylinder support just. 
above the guard rings to allow some of the 
magnetic fluid to pass to the outer gap. 
The centrifugal effect minimizes the 
effect of decreased amounts of iron in the 
mixture and tends to increase the torque. 


Torque as a Function of Flux Density 


The relation between the torque and 
the average flux density existing in the 
gaps was determined from measurements. 
described below and is shown in Figure 4. 


“This curves extremely interesting in that 


it is a straight line, whereas the torque 
in an eddy current: dynamometer is pro- 
portional to the square of the flux density. 


From this curve an expression for. the 


torque as a function of the flux density 
can be written as: 


T=C+KB 


where 
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Figure 3 (left). 
Torque versus 


exciting current 


characteristic of 


the dynamometer 


Figure 5 (right). 


The flux density 


variation in the 


gaps of the dyna- 
mometer. The 


gaps are identi- 


fied as either 


O. O04 B Re 
EXCITING CURRENT - 


T =the total torque 

C=the torque caused by the viscosity and 
frictional effects 

B =the average flux density 

K =the slope of the curve 


The term KB is the torque contributed 
by the magnetic fluid and the flux. As- 
suming that this torque is proportional to 
the effective area of the torque cylinder 
surface and the average radius to that 
surface, the following expression is writ- 
ten: 


Te CASEY 
where 


T’ =KB in the previous expression 

R=the average radius of the torque cylinder 
A =the effective area of the torque cylinder 
K’ =the force per flux line 


The value of K’ for the dynamometer 
of Figure 1 is 0.24 pound per kiloline. 
This factor depends on the magnetic 
fluid and provides a basis for future design 
of magnetic fluid machinery. 

The average flux density used above 
was determined by measuring the flux 
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Figure 4. The torque versus average flux 
density characteristic of the dynamometer 
shown in Figure 1 
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outside or inside 
of the torque cyl- 
inder. Correlation 
between the flux 
density at any 
location and the 
location is pfo- 
vided by the 
cross section 
shown above the 
curves 
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density distribution in the gaps of a sec- 
tion of the dynamometer. A flux meter 
and a 100-turn exploring coil were used 
to measure the flux existing within the 
exploring coil for various values of ex- 
citing current. These measurements 
were made and the flux density calculated 
for 29 points in the gaps. Figure 5 is one 
of a family of flux density curves plotted 
from this data. The orientation of the 
exploring coil in the gap was such that 
only the component of the flux normal to 
the gap was measured. Other measure- 
ments have shown that it is only this 
component that produces the torque ob- 
served. The average flux densities were 
determined by measurement of the area 
under each set of curves of the family of 
curves of which Figure 5 is typical. This 
area was then divided by the active 
length of the torque cylinder surface to 
calculate the average flux density for a 
particular value of exciting current. The 
torque corresponding to the particular 
value of exciting current was then taken 
from Figure 3. Corresponding values of 
average flux density and torque were 
plotted as Figure 4. 

The irregularity of the flux distribution 
indicates in addition an inefficient utili- 
zation of the exciting magnetomotive 
force. This irregularity is apparently due 
to poor design of the iron shape around 
the coil and to the shunting of some of the 
flux through the magnetic fluid and the 
torque cylinder. This effect was antici- 
pated in the design and to reduce the 
shunting effect of the torque cylinder the 
center section was made of brass while the 
end pieces were made of iron to decrease 
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the magnetomotive force required along 
the desired flux path. The lack of sym- 
metry in the curves of Figure 5 is caused 
by the lack of symmetry in the reluctance 
of the magnetic circuit at either end of the 
dynamometer. Consequently the amount 
of leakage flux varies which results in the 
lack of symmetry observed. 


Use of the Dynamometer, A 
Mechanical Power Instrument 


When a given dynamometer has been 
calibrated for the torque-exciting current 
characteristic, the unit can be firmly 
fastened to the foundation and the torque 
read from the calibration curve or an am- 
meter may be calibrated directly in 
values of torque. The linear portion of 
the torque characteristic curve (Figure 3) 
may be extended by using an iron of 
higher permeability than that used in the 
test dynamometer. This also may be 
accomplished by using the present iron 
and increasing the dimensions. The 
linear characteristic thus achieved and 
the linear characteristic of the conven- 
tional electric tachometer may then be 
combined in an electrodynamometer-type 
indicating instrument. The meter read- 
ing will now be proportional to the prod- 
uct of a speed and a torque indication. 
These indications can be the indication of 
torque and speed for a motor under test 
and the reading would then be propor- 
tional to the mechanical output of the 
motor. 

This reading could be calibrated in 
terms of horsepower or watts output of 
the motor. In addition the tachometer 
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and the dynamometer may be designed 
as one unit. The voltage generated by 
the tachometer would be applied to the 
potential coil of a conventional watt- 
meter and current coil of the wattmeter 
would be connected in series with the ex- 
citing coil of the dynamometer. Such a 
dynamometer and indicating instrument 
would be\very useful in testing motors for 
inspection or other purposes. 


Conclusions 


As a result of this investigation, it is 
concluded that: 


1. A magnetic fluid dynamometer is defi- 
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nitely feasible and can be a useful engineer- 
ing tool. 


2. A mechanical power indicating instru- 
ment can be made by using an iron of greater 
permeability or increased dimensions in the 
design of the dynamometer, an electric 
tachometer, and a conventional electro- 
dynamometer instrument. 


3. Neoprene O-rings combined with iron 
guard rings provide a satisfactory seal for 
the magnetic fluid. 


4. A mixture of seven parts by weight of 
carbonyl E and one part by weight of sili- 
cone oil, 20 centistokes viscosity provides a 
magnetic fluid of low residual torque and 
high magnetic fluid torque. 


5. The factor, K’, of the magnetic fluid is 
about 0.24 pound per kiloline. 


6. Further study needs to be made of the 
factor, A’, of the magnetic fluid. 


7. The tendency of the iron particles to 
settle out of the mixture may be reduced by 
adding a thixotropic agent. 
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The Accuracy of Current Transformers 
Adjacent to High-Current Busses 


R. A. PFUNTNER 


ASSOCIATE MEMBER AIEE 


URRENT transformers normally 
have excellent accuracy when ap- 
plied correctly under conditions for 
which they were designed. While the 
common operating conditions affecting 
accuracy are usually recognized and prop- 
erly considered, there is one factor, the 
importance of which is frequently under- 
estimated or even overlooked entirely. 
This is the effect of stray flux produced by 
high-current busses adjacent to the trans- 
former. 

When current transformers are applied 
in the vicinity of busses carrying large 
currents, the transformer accuracy may be 
very seriously affected. This is particu- 
larly true on systems which normally 
carry over 2,000 amperes and may carry 
10 or 20 times this current during faults. 
A current transformer designed to operate 
protective relays during such a fault may 
be rendered completely useless by im- 
proper installation. For instance, Figure 
10 gives the accuracy of a certain current 
transformer with the primary return con- 
ductor at various spacings. If a burden 
of 0.190 ohm were used, and a return 
spacing of 12 inches, saturation would 
occur at about 10,000 amperes. How- 
ever, with the same burden and a return 
spacing of 6 inches, saturation would 
occur at only 6,000 amperes. This could 
mean the difference between relays oper- 
ating properly and relays not operating at 
all. Because such operating conditions 


are difficult to reproduce in test, #t>is * 


usually necessary to rely on éalculated 
rather than tested accuracy when such 
situation is encountered. , 
There has been a certain amount of 
published information! on the effect of 
stray fields on current transformer ac- 
curacy. However, in general, such in- 
formation has been qualitative rather 


1656 


than quantitative; and, as a result, de- 
signers have considerable difficulty in 
predicting performance if the conditions 
are somewhat unusual. An investigation 
has been undertaken of both the theo- 
retical and practical aspects of this prob- 
lem. This investigation is divided into 
three sections as follows: 


1. Theoretical analysis (basis of tests). 
2. Flux pick-up factors (empirical data). 


3. Accuracy calculations and tests (use of 
data). 


While the theoretical study is applica- 
ble to any type of current transformer, 
empirical pick-up factors were determined 
primarily for bushing transformers be- 
cause other types take an almost prohibi- 
tive number of shapes and designs. How- 
ever, with a little care, the data presented 
can be applied to almost any design with 
sufficient accuracy to permit reasonable 
estimates of performance. 


Theoretical Analysis 


In a perfect current transformer, the 
ampere-turns produced in the secondary 
would be exactly equal to the ampere- 
turns applied to the primary. Prac- 
tically, this condition is never attained 
because the core material is not perfect 
and, therefore, uses some of the primary 
ampere-turns in maintaining magnetic 
flux in the core. Since these exciting 
ampere-turns are used in the core, they 
cannot be reproduced in the secondary, 
and an error results. “The core flux 
may be considered to be made up of two 
components; first, the mutual or burden 
flux which links both the primary and 
secondary windings and is necessary to 
produce the required secondary voltage; 
and second, the leakage or stray flux 


a) 


i 


or 


which may exist in some sections of the 
core due either to the leakage reactance of 
the primary and secondary coils them- 
selves or to other current carrying con- 
ductors in the immediate vicinity. 

The effect of stray flux produced by 
internal transformer leakage has been 
understood for many years. Since leakage 
flux (produced either by the coils them- 
selves or by external conductors) will 
change the flux density in certain sections 
of the core, the errors will be affected. 
This fact is just as true in a bushing 
transformer with a uniformly distributed 
winding as in any other type of trans- 
former, although this has not always been 
generally understood. 

In the theoretical study of the effect of 
stray flux on current transformer ac- 
curacy, two conditions were analyzed as 
being representative of the general prob- 
lem. The first considered an annular core 
transformer with uniformly distributed 


~ secondary winding, and the second_an an- 


nular core transformer with the secondary 
concentrated on two small sections of the 
core. In both cases, a bar type (single 
turn) primary was assumed since nearly 
all high-current transformers have a 
single turn primary. 


RING CorRE WITH DISTRIBUTED 
SECONDARY WINDING AND SINGLE BAR 
PRIMARY 


The following assumptions were made: 


1. Transformer completely symmetrical 
above and below a plane taken through the 
primary conductor and the adjacent con- 
ductor. 


2. Primary bar perfectly centered in core. 


8. Secondary winding evenly distributed 
around core. 


4. Stray flux enters at one point of core. 
In practice, other flux entering at other 
“poirits would act in a similar manner since 
the point of entry is general. 


t 
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Zp NET CROSS SECTION =A 
MEAN LENGTH MAGNETIC 
CIRCUIT = 2 


TOTAL TURNS Ng 


Referring to Figure 1, three equations 
may be written as follows: 

The total voltage across the burden 
must equal the voltage induced by the 
flux linking the windings 


1LZ5="No($0-+40)+ 
(1-2) ns(60-6e) (1) 


The total primary ampere turns minus 
the total secondary ampere turns must 
equal the magnetizing ampere turns of the 


core 
aad (:-“) 
Tv T 
I,—1I.Ns=— (¢5+¢an)+-———_ X 
Am Ap 
(¢2—¢mn) (2) 


The stray flux in the core must equal 
the flux entering the core 


out =%o (3) 


Eliminating ¢01, ¢02, ¢3 from equations 
1, 2, and 8 gives 


“1 

1 [Zp ag 
1,—1;Ns = | eel [2 
Dp sivs Be: Ng +( ) } 


0-2) EZ 
7 E 2%, (4) 


Aus Ns T 


While equation 4 may be solved for 
I;, it is most conveniently used in its pres- 
ent form. 

It should be noted that equation 4 is in 
exactly the same form as equation 2 and, 
therefore, 


1,Z, 
¢:=——, ta=(1-“)t $02 = gb, 
N; Tv TT 


Since, in the above equation, ¢, pro- 
duces all the required burden voltage, no 
voltage is induced by ¢o. The voltage 
induced by ¢o is exactly equal and op- 
posite to that induced by ¢o2. This flux 
condition is independent of the per- 
meabilities in the two sides of the core. 
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Figure 1 (left). Ring 
core with distribu- 


dx 


ee POINT WHERE ALK 
ted winding Po DIVIDES aN | 
Vn de 
x ; 
? tr 
Figure 2 (right). 
Ring core with ad- ie 
jacent conductor vii + D -| 


However, if the primary current is re- 
duced to zero, secondary current will flow 
due to the action of ¢9 unless the per- 
meabilities are equal. 

From a practical point of view, equa- 
tion 4 indicates the basic method of test or 
calculation. From the above definitions, 
$2, $01, and ¢o2 may be calculated directly 
at any value of secondary current J; if 
$ and a are known. Once the flux is de- 
termined, known data on the core ma- 
terial will give the permeabilities, yw, and 
v2, and J, can be calculated from equa- 
tion 4. 

To show that ¢) can always be assumed. 
to divide such that ¢, and 2 induce 
equal and opposite voltages in the second- 
ary winding, a nonuniformly wound 
secondary is considered. 


Rinc Core witH Two CONCENTRATED 
SECONDARY WINDING AND SINGLE 
BAR PRIMARY 


The assumptions were the same as for 
the distributed winding calculation ex- 
cept that the secondary is wound in two 
sections, one on either side of the core at 
the central horizontal plane. 


The analysis is the same except for 
equation 1 which becomes 


Ns Ns; 
Ifa, tmkbu) + (¢2—$¢0) (5) 


The same solution as before gives the 
following result 


ao 


=] 

T I;Zp 0 
I,—1,N; =—— — 
igen ral Jaf 


(\-2) 
\ 5 [42-2 | (6) 


Aye Ns 2 


This is basically the same as equation 4 
for the distributed winding. The same 
discussion holds, and the only point to be 
made is that again the assumed ¢p split 
should be made such as to induce no 
voltage in the winding. In this case, this 
means that ¢o=¢.2 regardless of the 
entry point of ¢o if it is between the two 
coils. 

In a practical case, the stray flux does 
not enter the core at one point but rather 
at all points on the core. However, the 
same assumption of no apparent induced 


Nomenclature 


Ip=primary current (rms amperes) 

Io=adjacent conductor current (rms am- 
peres) 

s=secondary current (rms amperes) 

E;=secondary voltage (rms volts) 

$n =circulating flux in core (rms volts/turn) 

¢o=total stray flux entering cere from ad- 
jacent conductor (rms volts/turn) 

¢o: = portion of ¢9 which follows core side 1 
(rms volts/turn) 

¢w=portion of ¢o which follows core side 2 
(rms volts/turn) 

goa=stray flux at any point (a) in core 
(rms volts/turn) 

H=magnetic intensity at any point in core 
(rms ampere turns/inch) 

#41 =permeability of core side 1 (rms volts/- 
turn square inch/rms ampere turns/- 
inch) 

w2=permeability of core side 2 (rms volts/- 
turn square inch/rms ampere turns/- 
inch) 


a=angle around core to point where ddo 
enters core, radians 

ag=angle around core to point where ¢o 
divides, radians 

s =secondary resistance, ohms 

Zp=total secondary burden including Rs, 
ohms 

N;=total secondary turns 

A =net cross section of core, square inches 

]=mean length of magnetic circuit, inches 

R=outside radius of core, inches 

ry =inside radius of core; inches 

W =width of core, inches 

D=distance from center of primary con- 
ductor to center of adjacent conduc- 
tor, inches 

x=distance from adjacent conductor to 
point where d¢» enters core, inches 

k=core pick-up factor (ratio of the flux 
entering a magnetic core to the flux 
entering a nonmagnetic core of the 
same dimensions when placed in a 
magnetic field) 
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Figure 3. Pick-up flux from adjacent conductor core number 1 
Figure 4. Pick- 


voltage may be used to determine how 
$0 divides. 


FLux Pick-Up Factor oF RING CORES 


The other question to be given some 
theoretical consideration is involved in the 
amount of stray flux picked up by a 
magnetic core located in the field of a 
current-carrying conductor. The core 
will be considered to have a rectangular 
cross section but annular in shape, similar 
to the usual bushing transformer core. 

The following assumptions were made: 


1. Core completely symmetrical above and 
below the plane through the axis of the core 
and the adjacent conductor. 


2. Adjacent conductor straight and in- 
finite in length. 


3. Permeability of core large compared to 
air. 


4. Path of flux from adjacent conductor 
can be considered a complete circle around 
conductor. Empirical pickup factors in- 
clude the effect of shortening of air path by 
magnetic core. 


5. Pick-up factor uniform over core (not 
strictly true, but gives sufficient accuracy 
for most purposes). 


Referring to Figure 2, the flux d¢o en- 
tering the core over an incremental dis- 
tance dx at a distance x from the ad- 
jacent conductor (neglecting the effect 
of the core in shortening the air path) is 


3.2X 1.414% 1 


do.=k Wdx = 
mx 4.4460 1078 


d 
=1.92X 10° WIp— volts/turn at 
6,5 


60 Cycles (7) 
Table | 
Trans- 
former R, Ts Ww, R,, 
Number Inches Inches Inches WN, Ohms 
1 Nesp Bo Qigctcizts UDO Oe cath Oo. ceodod. 
Di sgrars: Os Sian 196 el 8 168 0.174 
Sau 3 2D cies then <2 2002 02:0. 200 
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Writing x in terms of the angle a around 
the core 


> 


x= [(D—R cos a)2+(R sin «)?]'/2 (8) 

x= [D2—2RD cos a+R?]/2 (9) 
De 

a RD sin ada (10) 


[D?—2RD cos a+R?]/? 


Substituting equations 9 and 10 in 
equation 7 
sin ada 
D?—2RD cosa+tR? 
(11) 


Equation 11 is an expression for the 
flux entering the core through the dif- 
ferential angle da at any point on the core 
described by the angle a. The flux in any 
section of the core may be found by 
integrating equation 11 from the point 
where the flux divides, ap, to that section. 
However, equations 4 and 6 stated that 
a must be taken such that no voltage is 
induced in the windings. This condition 
involves an integration which becomes 
very difficult to perform. 

In order to avoid this integration, it is 
better to numerically integrate equation 
11 for the particular core involved. By 
carrying on this integration from a=0 
toward a) and a=7 toward ap simultane- 


d¢y)=1.92X10 *kRWDRK 


vt 


SPACING _ 


180 


225. 270) SSidmme oS? 


CORE ANGLE-@ 
up flux from adjacent conductor core number 2 


ously, a may be found for the condition 
of zero induced voltage. 

The total flux picked up by the core 
may be found directly by integrating 
equation 11 from a=0toa=m. 
$= 1.9210 *kWDRhX 

sin ada 


Tv 
ps D?—2RD cos a+R? 


$o=1.92X10-*RWDRhX 


(12) 


1 Tv 
ee log, (D?—2RD cos ate] 


(13) 


D+R 


D 

The only unknown factor involved in 

equation 14 is the pick-up factor k. 

Considerable data has been taken in order 
to evaluate k empirically. 


Flux Pick-Up Test 


For the purpose of evaluating & for ring 
cores, three experimental transformers 
were made up of mumetal. A 20-turn 
search coil was placed each 221/2 degrees 
around the cores before winding the 
evenly distributed secondary. Table I 
gives the dimensions, secondary turns, 
and secondary resistance ofeach. 
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These transformers were placed in a 
test fixture in such a manner that the bar 
primary passed through the core and re- 
turned at distances of 6, 12 or 24 inches, 
as desired. The secondary was short- 
circuited and search-coil voltages meas- 
ured for known values of primary cur- 
rent. That component of search-coil 
voltage which was 90 degrees out-of- 
phase with the primary current, was as- 
sumed to be due to the adjacent con- 
ductor. The in-phase component was 
constant around the core and corre- 
sponded to the resistance load of the 
secondary winding. Figures 3, 4, and 5 
give the results in terms of volts/turn/ 
primary ampere at 60 cycles. 

The total flux picked up by these three 
cores at the three spacings was substi- 
tuted into equation 14 and the pick-up 


Pick-up flux from 
adjacent conduc- 
tor core number 1 


factor, k, calculated in Table II. The 
dimensionless ratios D/R, W/R, and 
(R—r)/R, also are included in Table IT. 

Figure 6 is a plot of pick-up factor 
versus the dimensionless ratios given in 
Table II. While there was insufficient 
data taken to accurately determine the 
exact functions involved, the curves fit 
the ranges of dimensions covered by test 
and are sufficiently accurate for practical 
purposes. 

While these curves were made for ring 
cores, sufficient checks have been made 
against rectangular cores to show that 
estimated radii of rectangular cores can 
be used to obtain the pick-up factor in 
the above range of dimensions. 

The calculated flux distribution in the 
cores was found to agree quite well with 
the tested values. As might be expected, 


Table Il 
Transformer R-r Nuh D=6 inch D=12 inch D=24 inch 
Number ~ R R D/R D/R k D/R k 
Deeiave ete ait ORB? 5 ate 2 OLS E As DK Siew wt Ge ra ancare Ane mat 19 a See Se Bite aiet 22.8 
Reece o\fe- «5% ORB eerie » Oe Ora re cata ee De nahnseers G60 Screens Ce ee TED ee. si etree (Senses 10.4 
Bieri ee ok ABTA: OCG AEs sx Dekaron (oho Ba. Gi. eeree Al A Rec LAO ees aitty or (ee 8.16 
Table Ill 
= 1 2 
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a ddo Nd $0 E, hoa a d po Nd fo —Es doa 
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COs 1126... 4. L089. re Ae 8S 210.24... 
ATES Sa Cy @ lene: sayy 6 . 6.40 . 0.68.. 
BOR Ors, O48 .12.88 Malina: 
AD. we POL... 8.15 .21.03 39226:7. 
DOP PL OV va ced a. O0.24 . 8.42.. 
Bowe) LOZ... 9.86.....4.40. 10 . 4.89. 
O65 of 75...; 0.76....5.71....45.81 6.66. 
11.05 Ob. 1 O8ts an 8ii7555 
Sd. de hO onint Ls 28, 
44% lof 75....0.60...°-6.25. 
6.44 
a =e ff Se 
déo =7.9 sin ada Figure 7 is a plot of goa versus a 
1.25— cosa ao=75.6 (SEs =0) 
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the pick-up factor was smaller on the side 
of the core which was close to the return. 
This tended to make the calculated ag 
smaller than the tested ap, and the cal- 
culated flux*in the side of the core next to 
the return larger than the tested value. 
Figure 7 is a comparison of the tested 
curve for a 6-inch spacing on core number 
1 (see curve 3) against a numerically in- 
tegrated curve (equation 11) for the same 
conditions. This integration is given 
in Appendix I. 


Accuracy Calculations and Tests 


A current transformer which is being 
subjected to interference flux from an 
adjacent conductor presents the same 
problem of accuracy calculation as a 
transformer with internal leakage. The 
general method is to divide the core into 
several sections, estimate the flux density 
in each section, find the exciting ampere 
turns necessary to produce this density in 
each section, and vectorially add these 
exciting ampere turns to give the total 
exciting ampere turns from which ratio and 
phase angle errors may be found. This 
type of calculation has been discussed in 
previous papers, so it will not be con- 
sidered further here. Appendix II givesa 
sample calculation for one of the above 
transformers. 

The three bushing-type transformers 
were tested at two burdens and three re- 
turn conductor spacings. The accuracy 
curves are presented on Figure 8, 9, and 
10. Several calculated points are in- 
cluded to give an idea of the comparison 
between calculated and tested results. 

It should be noted that when calcula- 
tions .are made in the region where the 
core iron is saturating, very small errors 
in density produce very large changes in 
calculated accuracy. This means that 
calculated accuracy cannot be expected to 
check tested accuracy closely if the trans- 
former errors are large. Usually the 
point where the errors start to increase 
rapidly can be calculated with reason- 
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Figure 8 (left). 
Overcurrent ac- 


PA (DEGREES) 


RCF 


PRIMARY KILOAMPERES 


Return 
Tested Calculated Connected Spacing, 
Curve Points Burden Inches 
1 © 0.766+j0 6 
2 x 0.166+j0 6 
3 0.166+j0 12 
4 A 0.166+j0 24 


able accuracy, but no attempt is made to 
carry the curve further. 

In the practical case, it is usually un- 
necessary to go through the complete ac- 
curacy calculation in order to determine 
whether or not a given installation will be 
satisfactory. Referring to Table III, 
Appendix II, it may be noted that nearly 
all of the error is caused by saturation in 


Figure 9. Overcurrent accuracy of trans- 
former number 2 
Return 
Tested Calculated Connected Spacing, 
Curve Points Burden Inches 
1 (0) 0.750+j0 6 
2 x 0.150+j0 6 
3 0.150+j0O 12 
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Figure 10 (right), (0) 


Overcurrent ac- 
curacy of transfor- 
mer number 3 * 


section 1, which is the section of the core 
closest to the return conductor. This 
means that the transformer accuracy will 
be good for primary current up to the 
point where section 1 starts to saturate. 
By estimating the flux density in this 
section, the maximum safe operating 
current may be obtained: The burden 
flux $,, and the stray flux $, will be as- 
sumed to be in phase since .this represents 
the worst possible condition. By defini- 
tion, the burden flux, ¢,, is given by 


| ae BA 
oa= =a 
Ns Ns? 


volts/turn (15) 
for a transformer with a single-turn pri- 
mary. If the only stray flux to be con- 
sidered is that produced by an adjacent 
conductor (no internal leakage), equation 
14 may be used to find the total flux 
picked up by the core. 


D+R 
$o=1.92X10-8k WI logn yes 


D=R Sa 


From the curves of Figure 3, 4, and 5, 


PA (DEGREES) 


8 10 12 14 
PRIMARY KILOAMPERES 


Return 
Tested Calculated Connected Spacing, 
Curve Points Burden Inches 
1 ro) 0.790+j0 6 
2 x 0.190+jO 6 
3 WN 0.190+j0 19 
4 0.190+j0 24 


it may be assumed that ¢o. = 60 per cent 
of ¢o, that is 60 per cent of the flux picked 
up by the core passes through the section 
nearest the return conductor so 

D+R 


go =1.15X10-*k Wy logn —— 


D-R (16) 


For the transformer calculated in Ap- 
pendix II 


_ IpX0.305 


=""(183)8 =9.1X10~*, volts/turn 


'B 


6+3 
on =1.15X10-*X0.5X In logy aa 


=10.5X 10-5 volts/turn 
In this case, the adjacent conductor is 


the primary return so that I,=Jp and the 
total flux in section 1 is 


¢p+¢n =(9.1+10.5)10~*7, =19.6K 10-7, 


Figure 11. Allegheny mumetal 0.025-inch 
thick ring punchings transformer numbers 1, 
2, 3 at 60 cycles 
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Table IV 
Section bB+hoa 
Section I ?B/A Poa/A A H HI section 
eS croci ORS Bc set, 3 0.103+j0....... 0-+-j0.109....... 0.150/+46...... 180/ —87..... 120 —j 104 
Rares. iea (Oc See ees 0.103+4-j0....... + JORLOS ys .c:0:5)s.< 0.145 +45...... 100 —87..... 66—j 58 
idietsiele sis i ee OP LOS iO nere cies +j0.084....... 0.183: +:39...... 18 —83..... 23—j 22 
estes a7 TOL ore: eye. 0.103+j0....... + j0.046 7 © OS DNB) 4-24) oo. ies are alors Ll-—j 2 
Denes \ MO core sols 0.103+j0....... --J0: 006....;....).:« 0.103 + 3...... 1 —63..... L—j 2 
CS yarn oT Opis case OWTOSA30... a =—j0;026. 05... 0.106::—15..).... 3 Boy fee O-j 2 
Rieke ‘ebeye) ee, TGS re O. 103 308 Seinen —=tO0ODG. wicis Oi dhe — 29) fiers a4 De — AG itevaie —-1-j 4 
Bit a ests Gian, sie: « 0.103-+-30... 0.055 —jO.074....... 2,127) S36 i isis (Yio Nenrataeer —5-j 10 
DO vasterese) wi MO essa \e 2 @.103-F30....... —j0.082....... 0.132 —39...... 16 —83. —15—j 24 
Sl=14.1 -190—j 228 
190 —228 
= —— =1.024 PA =—57.3—— = +1.6° 
ae 1+3 000 8,000 + 


The core cross section is 0.71 square 
inch, so the flux density is 


dat+on 19.6X10~ 7, 
A 0.71 
= 27.6X10-4, volts/turn/square inch 


From Figure 11, core saturation will 
oceur at about 0.14 volt per turn per 
square inch, so the limiting primary cur- 
rent for good accuracy is approximately 


0.14 


Ih= 97.6X10-8 = 5,100 amperes 


From Figure 8, this is seen to be some- 
what conservative, but nevertheless, a 
very good guide in determining whether 
or not a given installation is satisfactory. 


Conclusions 


1. A practical method of estimating 
the flux in a transformer core under the 
influence of an adjacent current-carrying 
bus has been investigated. It has been 
shown that by assuming a fixed secondary 
current, the stray flux in the core may be 
assumed to divide in such a manner as to 
induce no voltage in the secondary wind- 
ing. 

2. Empirical data is given for estimat- 
ing the pick-up factor of a ring core in such 
a field. This may be applied with reason- 
able accuracy to rectangular cores by 


using the estimated equivalent radii of the 
rectangular core. 

3. The use of this data in calculating 
current transformer accuracy is discussed 
and verified by test results. 

4. A simplified method of calculating 
the approximate maximum current at 
which good accuracy can be expected is 
demonstrated. 


Appendix | 
Numerical calculation of equation 11: 
sin ad 
d$y=1.92X 10-% WDRhh———-—-— 
D?—2RD cos a+R? 


(11) 


For transformer number 1 with 6 inch 
return: 


W=0.5, D=6, R=3. hK=1 ampere 


k from Figure 6 is found to be 16.6. Sub- 
stituting the constants in equation 11 gives 


sin ada 


éi= 1.90 —— 
bie 1.25— cos a 


microvolts/turn 


dais taken as 10 degrees for the numerical 
integration. Referring to Table III, dd¢p is 
calculated for various values of @ starting 
simultaneously from a=0 and a=180 
degrees. Nddp is taken as the number of 
sections through which dd passes times 
do since the turns per section is a constant. 
Es is the sum of the Ndd¢o terms up to a. 
This integration is carried on until the 


point, ao, is found where the voltage is equal 
from both sides. The actual flux in the core 
goa is found by totaling d¢p and substracting 
the amount which entered at each section. 


Appendix Il. Accuracy Calcu- 
lation of Transformer Number 1 
Return Spaced Six Inches 
from Primary 


Primary current... .J,=J)o=8,000 amperes 
DECONdany: TITS tee wie) sare a ous N;=1838 
Secondary resistance..... Rs=0.139 ohms 
Net cross section 

OMG COLER a nteeneys seis s Se A =0.71 inch? 
Mean length of magnetic 

CH CUTOL COREL 1. sete. ser 1=14.1 inches 
External burden........ =0.166+ 70 ohms 
Secondary burden..... Zp=0.305+ 70 ohms 
Corer marterialy o: 5.0+ mycin cons Mumetal 


(See Figure 11 for data) 


= 


The core is divided into 18 sections; 14 
sections are 221/, degrees and the other 4 are 
11!/, degrees. The smaller sections are 
taken next to the return conductor because 
the density changes rapidly in this area. 
Since the core is symmetrical above and be- 
low the plane of the primary and return, the 
top and bottom half may be combined to 
give seven sections of 45 degrees and two 
sections of 22!/. degrees. 

The procedure is conventional in that the 
density, magnetic intensity from Figure 11, 
and exciting ampere-turns are found for 
each section and then added to give the total 
exciting ampere turns. The error in terms 
of ratio correction factor and phase angle 
are calculated from the in-phase and in- 
quadrature components of the ampere turns 
necessary to maintain the flux in the core. 
Table IV gives the calculations for this 
example. 
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Discussion 


E. C. Wentz (Westinghouse Electric Cor- 
poration, Sharon, Pa.): Mr. Pfuntner is to be 
congratulated on a most workmanlike and 
practical solution of a most difficult yet im- 
portant problem. The importance of stray 
fields from high current busses in affecting 
nearby current transformers is not generally 
realized. 

Even when this effect has been understood 
to exist, no good method for calculation of 
the effect has been published. Any exact 
method of calculation is entirely too compli- 
cated for practical use, and any practical 
methods have been not much better than 
rules of thumb. 
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Stray fields due to current limiting reac- 
tors also are known to affect current trans- 
formers. I would like to know whether any 
simple adaptation of this method can be 
used to deal with this problem. 

The usual installation has three current 
transformers side by side in a 3-phase bus. 
The outside transformers are exposed to the 
fields from the other two phases. Presum- 
ably the flux would have to be calculated 
for each bus and added vectorially. 

The principal utility of this method is in 
number 4 of the author’s conclusions—the 
calculation of the saturation point of the 
transformer. At densities below saturation 
the leakage fluxes flowing in opposite direc- 
tion in the opposite parts of the core tend to 
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cancel their effects, but when one part of the 
core begins to saturate the transformer 
rapidly becomes useless. Therefore the 
method is not usually necessary for calcula- 
tion of metering accuracy over the range of 
current up to 100 per cent current, but will 
often be of value in determining the opera- 
tion of relays at high currents. 

The method is of value in determining the 
performance of existing installations, or pro- 
posed installations with existing designs. 
It will possibly be of interest to describe how 
we have designed transformers for some 20 
years to overcome the effect of return busses 
or stray fields so that it is not necessary to 
perform any special calculations to insure 
good accuracy. The construction we have 
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used is shown in Figure 1 of this discussion. 
Inspection of this figure will show that coils 
number 1-2 will supply approximately equal 
currents as they are effectively connected in 
parallel with respect to the flux ¢z, but they 
are effectively short circuited against each 
other with respect to the leakage fluxes ¢o1 
and go and current flows around the num- 
ber 1-2 coil circuit which opposes the leak- 
age flux. Inasmuch as there is relatively 
little leakage current magnetomotive force 
developed across the space occupied by the 
current transformer, the leakage flux is 
readily diverted from the transformer into 
the space around the transformer and the 
core is effectively free of leakage flux. 

A rule of thumb which has been generally 
successful is that this series parallel connec- 
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tion must be used if the fault current is to 
exceed 50,000 amperes with 20-inch bus 
spacing. Supposing a typical transformer 
to have constants W=2, R=5, r=4 with 
1.8 square inch core section, 50,000 amperes 
produces, by the author’s method about 
7,500 gausses, or more than one-third the 
effective “saturation” density, showing that 
the rule of thumb should be reasonably suc- 
cessful. It is always encouraging to get 
scientific confirmation of ’a rule of thumb. 
In this case, as in many others, the scientific 
confirmation shows where the rule of thumb 
may get us into trouble. It appears, how- 
ever, that the series parallel connection must 
still be used when the calculation according 
to Mr. Pfuntner’s method shows too high a 
leakage flux density. 

A parallel connection scheme, used in 
wound-type current transformers to elimi- 
nate leakage flux, has been patented. 


R. A. Pfuntner: I would like to express my 
appreciation for the interesting comments 
and discussion presented by Mr. Wentz. 
While, as Mr. Wentz says, it is always en- 
couraging to get scientific confirmation of a 
rule of thumb, it is likewise very encouraging 
to have one’s scientific data confirmed by a 
rule of thumb developed through years of 
operating experience. 

With respect to the effect of current limit- 
ing reactors on current transformer, accu- 


racy, I have had no occasion to work on this — 


problem, but I see no reason why the pick-up 
factors obtained in the paper could not be 
applied quite easily. 

It is true that in a polyphase installation 
it is necessary to vectorially add the flux 
produced by each bus. While under normal 
operating conditions with balanced phase 
currents there is usually some cancellation 
effect, under fault conditions this may not be 
true. The interference problem is most 
serious during faults when currents are very 
high. These bus currents may be widely 


unbalanced depending on the type of fault 


encountered. 

Generally the short calculation of the 
saturation point is all that is required. In 
most cases this will show that a given in- 
stallation is either well within the safe 
operating range or seriously in trouble. 
Occasionally installations are found where 
it is desirable to make a more exact check in 
order to be sure that the operation will be 
satisfactory under all conditions. 
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Economic Aspects of Series Capacitors 


in High-Voltage Transmission 


R. S. SEYMOUR 


ASSOCIATE MEMBER AIEE 


HE TECHNICAL aspects of series- 

capacitor compensation of high-voltage 
transmission lines have been covered 
rather fully in the technical literature.» 
The economic aspects of series capacitors, 
however, have not been very thoroughly 
explored, particularly in the light of 
recent cost, and technical developments. 

It is the purpose of this paper to report 
the results of detailed studies of the 
economic aspects of certain segments of 
the series capacitor problem. 

Previous studies have emphasized the 
economic importance of adequate circuit 
loading and of proper load distribution 
among the several circuits of a trans- 
mission system. Series capacitors afford 
an excellent means of increasing the power 
capability of long lines to their economic 
maximum, and of adjusting the distribu- 
tion of load in various parts of multiple 
networks to achieve best economy. 

The present paper treats the compensa- 
tion of single and 2-circuit sectionalized 
lines of various lengths and voltages. 
Three-conductor sizes were studied and 
the influences of load factor and relative 
loss cost were included. 


Basic Assumptions 


The several component costs involved 
in transmission facilities were analyzed 


Paper 51-309, recommended by the AIEE Trans- 
mission aud Distribution Committee for presenta- 
tion at the AIEFE Pacific General Meeting, Port- 
land, Oreg., August 20-23, 1951. Manuscript sub- 
mitted May 23, 1951, made available for printing 
July 10, 1951. 


R. S. Seymour is with the Bonneville Power Ad- 
ministration, Portland, Oreg., and E. C. STARR is 
with Oregon State College, Portland, Oreg. 


The authors wish to express their appreciation to 

_ their colleagues for contributions to this paper and 
especially to acknowledge the assistance given by 
A. K. Johnson and R. H. Rankin in making the 
calculations. 


1951, VoLuME 70 


E. C. STARR 


FELLOW AIEE 


very carefully on both the public and 
private financing bases and relative cost 
levels were established. It was found 
that the ratio of costs of losses to annual 
fixed costs for comparable facilities was 
essentially the same for both public and 
private financing in all of the several 
systems studied. This made possible the 
establishment of relative base costs both 
for peaking capacity and for energy trans- 
mission to which the costs of all examples 
studied could be compared. This base 
was taken to be the annual cost of a 230- 
kv single-circuit line, 100 miles long, using 
aluminum cable steel-reinforced (ACSR) 
conductors of 500,000 circular mil copper 
equivalent. The loading base was surge 
impedance value, approximately 125,000 
kw, and the annual load factor was taken 
to be 75 per cent. Sending and receiving- 
end circuit breaker positions were included 
and the operating voltage ratio, sending 
to receiving, was taken to be 230 kv to 
220 kv. 

Table I lists the components of this 
base, evaluated in percentage, for which 
the total annual cost per peak kilowatt is 
taken to be 100 per cent. Likewise, the 
total transmission cost per kilowatt-hour 
of the base facility was taken to be 100 
per cent and the four principal compo- 
nents were evaluated and tabulated. All 
other annual costs in the study were re- 
lated to these base costs in terms of per- 
centages or per unit. This tabulation 
also contains comparative data for the 
same line operating at 50 per cent load 
factor, surge-impedance load, and at the 
load of maximum economy, 75 per cent 
load factor and 50 per cent load factor. 
It is shown that the annual cost per peak- 
kilowatt of the base facility is 88 per cent 
of the base total when the loading is in- 
creased to that of maximum economy and 
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that a change of load factor makes a sig- 
nificant change in the annual cost per 
peak-kilowatt. The cost of energy trans- 
mission or cost per kilowatt-hour is 
shown to be affected to a greater degree 
by load factor and likewise to be reduced 
by increasing the peak load to that of 
maximum economy, 

The annual cost of facilities is given in 
terms of its ratio to the annual transmis- 
sion cost per peak-kilowatt of the above- 
mentioned base condition. The cost in 
dollars would be the product of the given 
ratio and the dollars per peak-kilowatt for 
the base condition. The following is a list 
of the assumptions used in making the 
calculations: 


Reactive Supply 


The cost of supplying the line reactive 
requirements at the receiving-end, as a 
function of equipment rating, is shown in 
Figure 1. The costs are based on one- 
third of the reactive being supplied by 
synchronous condensers and two-thirds 
by shunt capacitors. 

It was assumed that the sending-end 
generators were 95 per cent power factor 
machines. No charge for sending-end 
reactive was made for power factors of 95 
per cent and above. For sending-end 
power factors under 95 per cent, charges 
were made at the rate shown in Figure 1 
for all reactive in excess of the reactive 
that could be obtained from the 90 per 
cent power factor machines, without over- 
loading. 

Where sending-end generators are unity 
power factor machines some charge would 
have to be made for all reactive supplied 
the sending-end of the transmission line. 
For this case series compensation would 
prove to be more favorable since the 
amount of reactive supplied to the send- 
ing-end of the line is reduced by series 
capacitors. 

For lines originating at substations in a 
transmission grid system, remote from 
generating stations, full charge for sup- 
plying the line reactive requirements 
should be made and also credit be given 
to any line supplying reactive to the send- 
ing-end substation. The use of series 
capacitors in such lines would be more 
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Figure 2. Estimated and actual cost of high-voltage series capacitors 


annual cost per peak kilowatt of 230-ky, 


500,000 circular mil copper equivalent, 100-mile transmission at surge 


condensers, two-thirds by shunt capacitors 


Relative annual cost base: annual cost per peak kilowatt of 230-ky, 
500,000 circular mil copper equivalent, 100-mile transmission at surge 
impedance loading, 75 per cent load factor > 


favorable than shown in the analysis pre- 
sented in this paper. 


Series Capacitors 


Figure 2 shows the estimated and actual 
installed cost in dollars and the annual 
cost ratio for high-voltage series capac- 
itors. The actual cost of three 230-kv 
series capacitor installations is indicated 
on the curve. 


Autotransformers 


For 287-kv and 345-kv transmission, 
autotransformers were used for transfor- 
mation between line and sending-end and 
receiving-end 230-kv busses. In all 
analyses, costs and power capability, the 
autotransformers were considered as part 
of the transmission lines. The auto- 
transformer impedances assumed were 3.5 
per cent for 287 kv and 6.5 per cent for 
345 kv. Figure 3 shows the estimated 


Table I. 


annual cost ratios for 230/287-kv and 
230/345-kv autotransformers. 


Line 


Table II lists the cost per mile of aver- 
age single-circuit construction for the 
transmission voltages and conductor sizes 
considered. Also included in the tabula- 
tion is the approximate loading required 
to prevent the formation of ice on the 
conductors under sleeting conditions. 


Method of Calculation 


The electrical characteristics were de- 
termined by long-line power-circle dia- 
grams. An example of a power-circle dia- 
gram is shown in Figure 4. This figure 
illustrates the characteristics of a com- 
pensated line as compared with an uncom- 
pensated line. It can be seen how the 
power capability is increased by com- 
pensation by the comparison of the volt- 


Annual Transmission Cost Ratios 


Per Cent of Base Total Annual Transmission Cost 230-Kv Line, 100 Miles, 500,000 Circular Mil 
Copper Equivalent Conductor 


Annual Transmission Cost per Peak Kw 
At Maximum 
Economy, Lowest 
Annual Cost,* 


At Surge In:ipedance 


Transmission Cost per Kw-Hr 
At Maximum 
Economy, Lowest 


At Surge Impedance Annual Cost,* 


Loading, Per Cent, Per Cent, Loading, Per Cent, Per Cent, 
Load Factor Load Factor Load Factor Load Factor 
75** 50 75 50 T5** 50 75 50 
Fixed Charges 

Line, Per Cent..,.. GZierter ee 62 errs AO Sehe site 40 Wore sts 62 ; 

Circuit Breakers.... 19 ...... 19) eae CTD TAs cbs pled aoe ne Stig : 
Power Losses......... WGitprecca was VAT Sevents SS ecto 2 Fae a7 SeenON no 2 eee 
Reactive Supply...... PCE ae eRe Sree) ses . Rea i ee rewire dase a 
Total, Per Cent..c...0 LOO nasties Olin tater Sane n 82 sis cate LOOM ss sisreus Tab re eee 88 A 123 


bs Loading at Maximum Economy—200,000 kw. 

** Base condition. 

+ Charged at 5.45 per unit of base cost per peak kilowatt loss. 

} Charged at 4.40 per unit of base cost per peak kilowatt loss. : 

§ Charged at 6.96 per unit of base cost per kilowatt-hour total loss. 

{ Charged at 11.00 per unit of base cost per kilowatt-hour total loss, 
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impedance loading, 75 per cent load factor 


age angles indicated on the circles for the 
two lines. 


Power Capability 


A voltage angle of 40 degrees between 
230-kv sending-end and receiving-end 
busses was used as the criterion of maxi- 
mum power capability, but the 30-degree 
angle points are indicated also for use 
when the reactances of the terminal sys- 
tems are higher than those necessary 
to effectuate the 40-degree criterion. 


Series Capacitor Applications 


The application of series capacitors to 
lines and feeders supplying fluctuating 
low-power-factor loads to prevent voltage 
flicker has been well explored previously 
and the conditions necessary for econom- 
ical application have been pointed out.® 
This application is not discussed in the 
present paper. 

The division of load between circuits of 
various lengths and current capacity 
operating essentially in parallel in an in- 
tegrated network can be controlled by 
series capacitors to bring about the most 
economical over-all operation. The 
curves and data presented in this paper 
make possible the choice of loadings of 


Table Il. Transmission Line Cost and Ice- 
Prevention Loading 
Conductor, Cost per 
Thousand Mile of 
Circular Average 
Mil Approximate Single- 
} Copper Ice Circuit 
Equivalent Prevention Construction 
Line, ACSR, Loading, (Late 1950 
Kv  Unexpanded Mva Costs) 
DEOs ane ENN acoe's 150*, ee $39, 400 
S00 ere 220 2. sees 45,900 


* Actual experience value in Pacific Northwest. 
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TRANSFORMER SELF-COOLED RATING -MVA 
Figure 3. Annual cost of 230/287-kv and 230/345-kv autotransformers 


Relative annual cost base: 


circuits of various lengths, voltages and 
conductor sizes to effect the best over-all 
economy. The necessary load division 
can then be adjusted by compensating 
part of the reactance of the underloaded 
circuits to raise their loads to the desired 
levels. 

Perhaps the most important applica- 
tion of series capacitors in wide-spread 
networks or in interconnected systems is 
for the purpose of increasing the maxi- 
mum power.capability of long tie lines and 
main trunk circuits. This is the applica- 
tion treated in detail in the present report. 


Low Load Factor Tie Lines 


Long inter-system or inter-regional tie 
lines are vital units in integrated opera- 
tions and are used both for peaking pur- 
poses and to exchange blocks of energy. 
It is usually necessary that they have high 
peaking capacity and low annual operat- 
ing cost. The line investment must 
necessarily be kept low and the cost of 
losses, due to possible surplus conditions 
in certain areas, may be low. 

The curves of Figure 5 give the relative 
transmission costs for lines of several 
lengths operating at low load factor with- 
out intermediate loads and generation, as 
a function of peak load transmitted. Un- 
compensated costs are given for loadings 
up to those values required to give an 
over-all line-voltage angle of 40 degrees, 
and compensation is included in those 
“cases where it is necessary in order to 
carry the loadings up to the values re- 
quired to develop maximum economy. 
Both 30-degree and the 40-degree line- 
angle operating points are indicated, and 
the cost of compensated operation for 
loads above the values required to give 
these angles uncompensated are based 
essentially on amounts of compensation 
required to obtain the specific loadings at 
an angle between 35 and 40 degrees. It 
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annual cost per peak kilowatt of 230-ky, 
500,000 circular mil copper equivalent, 100-mile transmission at surge 
impedance loading, 75 per cent load factor 
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Figure 4. Power circle diagrams. 200 miles, 230-kv, 800,000 circular 
mil ACSR copper equivalent conductor 


will be observed that in some of the later 
curves overlap is shown between com- 
pensated and uncompensated operation 
and that the costs do not differ greatly be- 
tween the two types of operation up to an 
uncompensated line angle of approxi- 
mately 30 degrees. This condition is 
brought about by the reduction in neces- 
sary station reactive capacity due to the 
reactive kilovolt-amperes supplied by the 
series capacitors. 

It is shown that for distances up to ap- 
proximately 200 miles between low-im- 
pedance busses, the load of maximum 
economy can be transmitted at 230 kv 
over 500,000 circular mil copper equivalent 
conductors without series compensa- 
tion; however, the peaking capacity can 
be improved considerably by the use of 
some degree of compensation without 
increasing the transmission cost to any 
substantial degree. For the longer, 300-, 
400-, and 500-mile lines, considerable 
compensation is necessary to obtain peak- 
ing capacity in the range of the loads of 
maximum economy. In the cases of these 
long tie lines where high peaking capacity 
is required and where energy is to be 
transmitted at a relatively low load factor, 
compensation effects very substantial 
savings. | 

Figures 6 and 7 give relative transmis- 
sion cost data on lines 200 miles long 
operating at low load factor and at three 
voltages. The cost of losses in Figure 6 
was placed at the full value indicated in 
Table I, and in Figure 7 the loss cost was 
placed at 50 per cent of this value. ‘The 
conductors chosen were considered mini- 
mum size, unexpanded ACSR for the 
various voltages as indicated on the 
curves. It will be observed that with 
losses at full value the 230-kv line gives 
minimum costs up to 180,000 kw; the 
287-kv line is minimum between 180,000 
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and 320,000 kw, and the 345-kv line is 
lowest between 320,000 and 500,000 kw. 
The upper values stated in each case 
represent the approximate loads of maxi- 
mum economy for the respective voltages. 
It is apparent that high loading is neces- 
sary for best economy. 

When loss costs are reduced as might 
be the case in surplus power transmission 
between integrated systems, the points of 
cross-over between the curves for the 
various voltages increase. considerably and 
the total transmission cost in any case is 
decreased appreciably. Some degree of 
compensation is required to obtain the 
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loadings of maximum economy with the 
two higher voltages. 

The situations explored in Figures 6 and 
7 for 200-mile low-load-factor transmis- 
sion are repeated in Figures 8 and 9 for 
400-mile low-load-factor transmission. 
When losses are taken at full value, 
Figure 8, there is little economic choice 
between 230-kv and 287-kv transmission 
with the respective conductor sizes 
chosen, even with loads of only 125,000 
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kw, and the 287-kv line, compensated be- 
yond 150,000 kw, remains superior to the 
345-kv line up to 250,000 kw. Beyond 
that load, with compensation required, 
the 345-kyv line is superior. 

In the case of low cost losses, Figure 9, 
the compensated 230-kv line is more 
economical than the 287-kv or 345-kv 
lines up to 180,000 kw. The compen- 
sated 287-kv line is then more economical 
up to 300,000 kw, beyond which the 
compensated 345-kv line is somewhat 
more economical. It is evident that for 
400-mile transmission at any of the 
voltages chosen, compensation is required 
to develop good transmission economy, 
and heavy loadings are again advanta- 
geous. 


High Load Factor Trunk 
Transmission Lines 


Cost of 230-kv transmission at high- 
load factor as functions of peak power 
and length of line, single circuit, are 
shown in Figure 10. No compensation is 
required to attain the load of maximum 
economy at 200 miles with low-imped- 
ance terminals, but under the basic as- 
sumptions chosen a smal] amount of 
compensation improves the economy 
slightly in the vicinity of 200,000 kw and 
can be used to increase the power capa- 
bility of the line by a substantial factor. 

At 300 miles, compensation is required 
for loadings, under good terminal condi- 
tions, above approximately 140,000 kw, 
and the best economy is attained with 
compensation at approximately 200,000 
kw. Here again the peak capability can 
be extended beyond 200,000 kw by suit- 
able compensation. 

The 400-mile line requires compensa- 
tion for loads above 105,000 kw and a 
substantial improvement in economy can 
be effected by compensating and loading 
to 180,000 kw. 

A 500-mile line requires compensation 
above 85,000 kw and the economy can be 
greatly improved by compensating and 
loading up to approximately 180,000 
kw. 

Each point on the curves for compen- 
sated operation includes only the amount 
of compensation necessary to attain the 
loading indicated with a sending-to-re- 
ceiving voltage angle of 35 to 40 degrees. 
This is considered to be the maximum 
angle for satisfactory stable operation in 
most practical cases. Under compen- 
sated operation the total transmission 
cost at a particular loading is not af- 
fected appreciably by a rather wide range 
of compensation, that is, compensation 
somewhat above the amount necessary 
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Figure 8. Influence of transmission voltage and 
peak load on low load factor transmission cost, 
full-value loss 


Relative cost base: cost per kilowatt-hour 

of 230-kv, 500,000 circular mil copper equiv- 

alent 100-mile transmission at surge impedance 
loading, 75 per cent load factor 


for power capability considerations does 
not appreciably increase the transmission 
cost. This condition arises from the fact 
that increased compensation results in 
reduced reactive requirements at the line 
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Figure 9. Influence of transmission voltage and 
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terminals and also in somewhat reduced 
losses. The savings in the latter more or 
less offset the increased cost of the former. 
The effect of reduced load factor in in- 
creasing transmission costs for the same 
lines as those considered in Figure 10 is 
shown by Figure 11 which was computed 
for a medium load factor of 50 per cent. 
The same facilities are involved in corre- 
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sponding situations under either load 
factor, and the total annual costs are re- 
duced by only a relatively small saving in 
annual losses at the lower load factor. 
The over-all energy transmission costs are 
therefore substantially increased in ap- 
proximately inverse proportion to the 
load factor. 

The influence of transmission distance 
on total single-circuit transmission cost is 
shown in Figure 12. Two sets of curves 
are given, one for uncompensated opera- 
tion and the other for compensated opera- 
tion. Single-circuit 230-kv lines are 
assumed with 800,000 circular mil copper 
equivalent conductors and operating at 75 
per cent load factor. The uncompensated 
power capability is taken to be the load of 
maximum economy or that which gives a 
sending-to-receiving voltage angle of 40 
degrees. The uncompensated costs 
shown are for maximum economy below 
200 miles and for maximum capability 
above 200 miles. The curve of compensa- 
tion indicates the degree of reactance 
compensation necessary to obtain a 
transmission capability, at line-voltage 
angle of 40 degrees, equal to the load of 
maximum economy. The relative cost 
curve for the compensated line gives the 
minimum cost obtainable when the line is 
compensated as indicated and operated at 
the load of maximum economy. No ap- 
preciable economy for compensation is in- 
dicated below 200 miles as loadings are 
not required to exceed the value for 
maximum economy. For distances above 
200 miles compensation improves the 
economy and has a major influence above 
250 miles. 


Higher Transmission Voltages 


The influence of higher voltages on 200- 
mile trunk transmission costs is shown in 
Figures 13 and 14. The same conductor 
was used in each case and it was chosen to 
be of sufficient size unexpanded, to give 
satisfactory corona and radio influence 
performance at the highest voltage con- 
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sidered.* For load factors of both 50 per 
cent and 75 per cent, 230-kv compen- 
sated above 200,000 kw, gave more 
economic performance than either 287.5 
kv or 345 kv up to approximately 300,000 
kw. For further increased loadings, up to 
400,000 and 500,000 kw, the economy im- 
proved as the voltage was increased. To 
avoid confusion, the 287.5-kv curves were 
omitted from both figures since they lie 
approximately midway between the 230- 
ky and 345-kv curves and all intersect at 
approximately the same peak load. 

When the transmission distance is in- 
creased to 400 miles and the same large 
conductor is employed, the cost curves for 
the compensated 230-kv and the 345-kv 
lines intersect at around 250,000 kw as 
shown by Figures 15 and 16. The 287.5- 
ky curves again lie between the two shown 
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and peak load on high load factor transmission 
cost 
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Figure 14. Influence of transmission voltage 
and peak load on medium load factor trans- 
mission cost 
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the peak loading, even at this distance, is 
not to exceed approximately 200,000 kw, 
compensated 230 kv gives the best econ- 
omy. However, if the line is so situated 
with respect to other system or inter- 
system facilities as to obtain loadings of 
the order of 300,000 to 400,000 kw, com- 
pensated 345 kv gives the best economy at 
either 50 per cent or 75 per cent load 
factor. 
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Line Conductivity 


The relatively large conductor chosen 
for the 230-kv transmission in the cases 
just discussed may at first thought be 
considered unreasonable but reference to 
Figures 17, 18, and 19 will show that 
under the full range of load factors and 
loss costs considered, the very large con- 
ductor, 1,240,000 circular mil copper 
equivalent compared to 500,000 circular 
mil copper equivalent becomes more 
economical for loadings above approxi- 
mately 175,000 kw when the transmission 
distance is of the order of 200 miles. 
Calculations have shown that the same 
relationship exists for a transmission dis- 
tance of 400 miles. Figure 17 indicates 
that the large conductor at 75 per cent 
load factor shows excellent economy at 
approximately 33 per cent compensation 
when peak loading is between 250,000 
and 300,000 kw. The improvement here 
is quite substantial in comparison with 
the 500,000 circular mil copper equivalent 
conductor at its load of maximum econ- 
omy which is approximately 190,000 kw. 

The difference in favor of the large con- 
ductor at the higher peak loadings is even 
more pronounced at lower load factors as 
indicated by Figure 18; however, the 
transmission cost of any line is again 
shown to be very much higher at the low 
than at the high-load factors. 

The influence of low-loss costs under 
low-load-factor operation is brought out 
by a comparison between Figures 18 and 
19. The smaller conductor shows a very 
substantial improvement when the loss 
costs are reduced but .the larger conduc- 
tor, becatise of the relatively small in- 
fluences of losses on its total cost, is af- 
fected very little in over-all economy by 
loss cost. 

Intermediate sizes of conductors be- 
tween 500,000 and 1,240,000 circular mil 
copper equivalent give cost curves lying 
between the two groups of curves shown 
on each of the figures just discussed. It 
must be emphasized, however, that the 
improved economies available through 
the use of larger conductors can be real- 
ized only through relatively heavy loading 
of the circuits. 

When trunk circuits or other network 
components can be heavily loaded there is 
an obvious economy in employing what 
may be considered to be abnormally large 
conductors. If the distance involved is of 
the order of 200 miles or more, the load- 
ings necessary to realize large-conductor 
economies can be obtained by the use of 
series-capacitor compensation. 

In many geographical regions, ice 
melting or prevention becomes a major 
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Figure 16. Influence of transmission voltage 
and peak load on medium load factor trans- 
mission cost 


Relative cost base: cost per kilowatt-hour of 
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factor in the choice of conductor size or 
conductivity. 
proximate loads necessary at the voltages 
and with the conductors considered to 
prevent the formation of ice under heavy 
sleet conditions. The 280-kv, 500,000 
circular mil copper equivalent ACSR 


value is an actual experience value in the — 
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Figure 18. Influence of conductor size and 
peak load on low load factor transmission cost, 
full-value loss 
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Northwest. It is considered by some to 
be conservative. The other values are 
based on the generation of an equal 
amount of conductor heat per unit of con- 
ductor surface area. The values thus 
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Figure 19. Influence of conductor size and 
peak load on low load factor transmission cost, 
half-value loss 
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Figure 20 (right). In- 
fluence of transmis- 
sion distance on 2- 
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computed are of the same order as the 
loadings of maximum economy for the 
conductors and voltages tabulated. If 
provision is made system wise for obtain- 
ing these loadings during critical icing 
periods, no difficulties should be ex- 
perienced. Further experimental data 
are desirable however. 


Two-Circuit Lines with 
Sectionalizing Stations 


Where firm transmission capability is 
required, multiple-circuit lines are neces- 
sary and the loadings during critical 
periods must be held down to values 
which will not result in instability when 
any one section is faulted and isolated or 
faulted, isolated, and quickly reclosed. 
Double-circuit or 2-circuit 230-kv lines, 
operating effectively in multiple and 
sectionalized or practical intervals, can- 
not be loaded safely to their economic 
maximum for distances in excess of 150 
miles. However, by incorporating suit- 
able series capacitors in common relation 
to both circuits at the sectionalizing sta- 
tions, as proposed in a previous paper,' 
it is possible to maintain the transient 
capability of a sectionalized 2-circuit line 
at its economic maximum for any distance 
presently considered. Figure 20 presents 
the capability and transmission cost per- 
formance of a 2-circuit transmission line 
as a function of distance for both com- 
pensated and uncompensated operation. 
Fast relaying and circuit breakers are 
necessary and assumed. It is shown that 
the transmission costs, when suitable 
amounts of compensation are employed, 
are less by major amounts than for un 
compensated operation. 

The attractiveness of this application 
of compensation may be further en- 
hanced by taking advantage of the short- 
time overvoltage capability of capacitors. 
If the over-load on any section produced 
by isolating a parallel faulted section can 
be limited to time intervals of the order 
of 30 minutes or less, this scheme would 
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involve switching certain segments of the 
capacitor banks to effect the same degree 
of reactance compensation with one sec- 
tion out as with the line unfaulted. If the 
full original line load were maintained 
during such outages the remaining or ac- 
tive section of the capacitor would be 
overstressed with respect to its normal 
rating but not beyond its capability for 
short lengths of time. Such a plan would 
reduce the total investment: necessary in 
series capacitors, and would lessen the 
transient swing of terminal synchronous 
equipment at the time of dropping a 
faulted section if the change in compensa- 
tion were made essentially simultaneously 
with the isolating of the faulted section. 
Full overload duty on the remaining 
section after one section of a double-cir- 
cuit line is isolated occurs only when the 
double-circuit facility is the only con- 
necting link between a generating system 
and its load. The usual arrangement 
provides some more or less devious by- 
pass path resulting in the remaining cir- 
cuit being required to assume only a part 
of the power lost by the faulted section. 
Heavily loaded multiple-circuit lines 
appear to be one of the most important 
fields for the application of series capac- 
itors to improve over-all system capa- 
bility and economy. This subject will be 
treated at length in a future report. 


Conclusions 


1. Single-circuit lines in excess of 200 
miles in length and operating at voltages 
of 230 kv and higher can be improved in 
operating economy by series-capacitor 
compensation if advantage can be taken 
of the heavy loading capabilities. 

2. Series capacitors are particularly 
useful in providing high emergency over- 
load capabilities in tie lines and inte- 
grated system transmission circuits. 

3. The combination of series capac- 
itors and increased conductor sizes in 
long high-voltage transmission lines 
makes possible the realization of con- 
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siderable transmission savings if heavy 
loading practices can be followed. 

4. Series-capacitor compensation of 
multiple-circuit lines to provide transient 
capability equal to the load of maximum 
economy can reduce transmission costs 
by major amounts when the lines are of 
more than moderate length, such as 150 
miles at 230 kv. 
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Discussion 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): Series capacitors for 
transmission systems have been considered 
for many years as a possible method for de- 
creasing the cost of transmission, partic- 
ularly long-distance transmission of large 
blocks of power at high voltage. The 230- 
kv American installation at Chehalis and the 
Swedish installation at Alfta are noteworthy 
steps in reducing to practice the theoretical 
possibilities. It is particularly encouraging 
that the technical and economic aspects of 
the use of series capacitors are being given 
close attention. Series capacitors may now 
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be purchased from the manufacturers to 
meet rational system requirements and have 
become a full-fledged tool for the transmis- 
sion engineer. Studies we have made are in 
agreement with Starr and Seymour: 

1. Our studies indicate that intermediate 
switching stations are needed to reduce the 
cost of transmission with or without series 
capacitors, provided such expediencies as 
suddenly changing the system load or 
generation by the application of braking re- 
sistors or disconnection of loaded generators 
are not resorted to. Such practices are 
generally undesirable in large interconnected 
systems having interconnecting ties to other 
systems. 
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2. Series capacitors or some other 
method of compensation appear to be fully 
justified economically for distances of 250 
miles or greater. 

3. The use of series capacitors in a low 
resistance line to reduce system losses when 
paralleled with higher resistance lines 
appears to be quite marginal in economic 
benefit. 

4. Quick reinsertion means appear to 
have the greatest future application in this 
country in contrast to the Swedish installa- 
tion (which does not have a rapid means for 
reinsertion) as it reduces appreciably the 
kilovars required to affect an increase in 
stability limit. 
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Traveling Wave Relations Applicable to 


Power-System Fault Locators 


LAUREL J. LEWIS 
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AULT locators employing traveling 

waves to measure distance have a re- 
sponse dependent on the propagation 
characteristics of multivelocity com- 
ponents of a surge, and the type of fault. 
Analysis of wave characteristics leads to 
a method for determining the response 
with different types of discontinuities. 

Sectionalizing and switching of lines 
and the proper repair of facilities re- 
quires rapid and accurate location of 
faults on power systems; thus the de- 
velopment of automatic fault locators is 
an important activity for improving serv- 
ice continuity. 

Three types of fault locators, previ- 
ously described? have been developed by 
the Bonneville Power Administration and 
designated as types A, B, and C. A 
fourth type,* the Linascope, differs some- 
what from the other three. In each case, 
performance of the fault locator is con- 
ditioned on the transient characteristics 
of traveling waves; however, the sig- 
nificant problems are not the same for the 
different systems, because of differences in 
principles of operation. These principles 
are illustrated simply in Figure 1; a sub- 
sequent analysis will present the charac- 
teristics of waves applicable to each sys- 
tem. 


Fault Locator Operation 


The type A fault locator operates 
directly on the line surges generated by a 
fault. An initial surge travels to the end 
of the line where the locator is situated 
and is used to trigger the sweep of a 
cathode-ray oscillograph. The initial 
surge experiences a reflection on the 
transmission line, and the reflected wave 
traveling back toward the fault again ex- 
periences a reflection at the fault, which 
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on return to the locator is recorded as a 
“pip’’ on the cathode-ray trace. The 
round-trip distance from locator to fault 
is measured by comparison with marker 
“pips’’ superimposed on the horizontal 
sweep. 

The type B fault locator also bases re- 
cording on the fault-generated surges, 
but utilizes only the initial waves arriving 
at the two ends of the line. One wave 
reaches the far end of the line, where it is 
picked up and transmitted back to the 
fault locator over a microwave communi- 
cation channel, and used to start an elec- 
tronic timer. The other traveling wave, 
reaching the fault locator directly over the 
transmission line actuates a delay system, 
which after a controlled time turns off the 
timer. Calibration of the controlled delay 
permits direct reading of the distance be- 
tween fault and locator, and the result is 
indicated on a mechanical printer. 

In the type C fault locator, the fault- 
generated surge is utilized only to initiate 
a sequence of operations, and is not re- 
corded directly. After a controlled time 
delay of three cycles, a surge obtained 
from a charged capacitor is applied to the 
faulted conductor and also used to ini- 
tiate a sweep on a cathode-ray oscillo- 
graph. The reflected surge returning 
from the fault appears as a “‘pip’”’ on the 
cathode-ray sweep. 

The Linascope makes no use of the 
fault-generated surges, but instead is used 
to detect sustained faults. A periodic se- 
quence of pulses is applied to the trans- 
mission line, and the resulting echoes are 
displayed on a cathode-ray tube, the 
sweep being synchronized at the pulse 
repetition rate. Tests and measurements 
have been made using both unidirec- 
tional pulses and modulated radio-fre- 
quency pulses. 
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Special Operating Problems 


Actual operating results contain fea- 
tures not indicated by the foregoing 
simple explanation. The type A locator 
depends on wave travel between fault 
and locator; there is, however, a wave 
traveling frem the fault to the far end of 
the line and there being reflected. It was 
initially expected that the low fault- 
impedance would act to confine the far- 
end wave to that section and prevent its 
transmission back toward the fault 
locator. Experience has shown this con- 
clusion to be incorrect; noticeable re- 
flections have been recorded from the far 
end of a line with a fault at midpoint. 
An extra “‘pip’’ appears on the record, 
making interpretation difficult. 


The type C locator was initially tested? 
to determine the nature of reflections 
under different fault conditions. It was 
concluded from these tests that con- 
trolled surges had to be applied to the 
conductor of one of the phases involved in 
the fault to assure reflection from the fault 
itself. The reasons for the types of be- 
havior were not fully determined. 


The type B locator involves only initial 
surges arriving at the two ends of a line, 
and so avoids difficulties due to multiple 
reflections. The system requires, how- 
ever, as do the others, the use of a coupling 
system for obtaining pulses from the 
transmission line. The characteristics of 
the traveling waves are of importance in 
the design of a coupling system. Like- 
wise the speed of wave travel is of im- 
portance in all systems, since time meas- 
urements are to be translated into dis- 
tances. 


In the following sections an analytical 


Paper 51-312, recommended by the AIEE Trans- 
mission and Distribution Committee and approved 
by the AIEE Technical Program Committee for 
presentation at the AIEE Pacific General Meet- 
ing, Portland, Oreg., August 20-23, 1951. Manu- 
script submitted May 22, 1951; made available for 
printing July 10, 1951. 


LAuREL J. Lewis is Associate Professor of Electrical 
Engineering at the University of Washington, 
Seattle, Wash., and Consulting Engineer with the 
Bonneville Power Administration. 


The assistance of Howard King of the Bonneville 


Power Administration in obtaining test data is 
gratefully acknowledged. 


1671 


method is presented to explain some of the 
results not previously understood. 


Mathematical Approximations 


Since a complete mathematical analysis 
of traveling waves on a physical system is 
impossible, various approximate pro- 
cedures are resorted to; a number of 
these will be reviewed to indicate the 
general results and to emphasize the 
limitations. 

The simplest case is that of a 2-wire line 
isolated in space, with losses neglected. 
These assumptions permit the use of in- 
ductive and capacitive coefficients and 
lead to the classical ‘‘wave’’ equation, a 
partial differential equation relating volt- 
ages (or currents), distance, and time. 
Propagation is at the velocity of light, 
without distortion of wave shape. 

The case of a single-wire line with 
ground return can be treated by the same 
method as for the 2-wire line, when the 
line is at a uniform height above ground 
and losses in the ground are neglected. 
Results are again of the same general 
form. 

Efforts to include the effects of losses 
lead first to the introduction of series re- 
sistances and shunt conductances as line 
parameters. With an isolated 2-wire line 
or a single-wire with ground return, and 
earth losses neglected, the mathematical 
formulation results in the ‘‘telegraphers’ 
equation,” the solution of which was ob- 
tained by Heaviside. A special case 
arises, of the so-called ‘‘distortionless”’ 
line, in which the signal velocity is the 
velocity of light; surges are also attenu- 
ated with distance, but do not change 
shape. For all other cases, however, it is 
impossible to speak of a single velocity, for 
if the initial surge is considered in terms 


of frequency components, each com- 
ponent travels at a different velocity, and 
with the highest frequency components 
approaching the velocity of light. Modi- 
fication of shape is evident by lengthening 
of the tail of a traveling surge.‘ It is also 
significant that the nature of the traveling 
wave depends on the nature of its origin, 
that is, whether it is initiated by release 
of bound charge on the conductors or by 
application of a surge at a single point on 
the line. 

That losses in line conductors are not 
truly represented by resistance param- 
eters is evident when account is taken of 
conductor skin effect. The effect in an 
isolated conductor can be calculated in 
terms of Bessel functions® for a fixed fre- 
quency. The result, however, cannot be 
conveniently included in, analysis of 
traveling surges, since strictly speaking 
the concepts of inductive and capacitive 
coefficients lose their validity under such 
conditions. The only rational approach 
is through the basic Maxwell equations. 

One of the poorest approximations in- 
volved in the preceding methods is the 
assumption of perfect conduction in the 
earth. The situation is similar to that of 
skin effect in a wire. The effect for the 
steady state has been calculated by 
Carson.® Again the result is not one that 
can be included in a wave equation. Per- 
haps a way to include the effect would be 
to analyze a surge first into frequency 
components, and to include the effect for 
each component separately, and then to 
superimpose the results. The end result 
for the general case could only be ex- 
pressed in terms of integral equations, 
which would yield little practical data. 

The problem of 3-phase transmission 
has been extensively studied; with losses 
neglected, waves propagate at the velocity 


of light. It has been shown’ that/if a 
surge is applied to one conductor of a 
uniformly transposed system, an induced 
surge will exist on the other two conduc- 
tors, the value being determined by the 
potential of the point in space at which 
the conductor is situated. Complete re- 
flection of the direct surge at a discon- 
tinuity results also in cancellation of,,the 
induced surges. 

One of the first proposals for explaining 
the nature of wave distortion on 3-phase 
lines was made by Bewley,’ who sug- 
gested a multivelocity theory of wave 
travel. That waves do separate into 
components which travel at different 
velocities was convincingly demonstrated 
by oscillograms.’ To explain the nature 
of multivelocity components, Bewley 
based an analysis on a “‘lossless’’ system, 
with no resistance terms included specifi- 
cally in the analysis, by considering that 
the capacitive coefficients were deter- 
mined by the ground plane, and the induc- 
tive coefficients were determined by a 
zero plane located at a significant dis- 
tance below the ground surface. That 
such a procedure has a basis in fact can 
not be denied, for the effect of finite con- 
ductivity in the earth is to result in pene- 
tration of the earth current below the 
surface. However, the procedure con- 
tains no basis for determining the sub- 
surface zero plane, nor does it account for 
attenuation of waves. 

The fact that the use of a separate zero 
plane leads to terms involving two veloci- 
ties of propagation tends to obscure the 
fundamental factors responsible for 
traveling wave behavior. It needs to be 
pointed out that the existence of multi- 
velocities does not depend upon such an 
approach, but is an inherent property of 
the 3-phase system when losses are in- 
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cluded. It has already been shown," that 
for the steady state, with operation at a 
single frequency, and even assuming a 
perfect earth, there are two phase veloci- 
ties for a 3-wire system, when conductor 
losses are included. 

The 38-phase traveling-wave system 
has an analogy in coupled-circuit theory. 
When two or more identical lumped cir- 
cuits containing losses are coupled sym- 
metrically, the system has two resonant 
frequencies, one higher and one lower 
than that of the individual mesh. A 
double-humped frequency response occurs 
for coupling larger than a critical value. 
The transient response contains two 
natural angular velocities, with one fre- 
quency higher and one lower, and with 
one damping factor higher and one lower, 
than that of the single mesh. Trans- 
lated into terms of the traveling wave 
case, this corresponds to two velocity 
terms and two attenuation factors, for 
each frequency component traveling in 
each direction. From the analysis in the 
Appendix, the attenuation is shown to be 
higher for the wave traveling at the slower 
speed. 

As for the isolated 2-wire line with 
losses included, in a 3-wire system it is 
again not appropriate to speak of a 
velocity of propagation of a surge, al- 
though it may be permissible to refer to 
the speed of travel of the maximum of 
energy distribution. It is significant that 
there are two such maxima traveling at 
different speeds. The faster wave moves 
at a speed higher than that on a single- 
phase line having the same losses, but with 
less attenuation and distortion. The 
highest frequency components in the fast 
wave have velocities approaching the 
velocity of light. The slower wave ex- 
periences more attenuation, with the crest 
moving at a lower speed, although again 
the higher frequency components have a 
speed approaching that of light. The 


effect is a more rapid reduction in crest 
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value and a much greater reduction in the 
slope of the wave front. 


The Components of the 
Multivelocity Waves 


The resolution of a surge into slow and 
fast components is accompanied by a 
special disposition of the currents and 
voltages among the three conductors. The 
voltages to ground of the’three conductors 
and the three line currents may be ex- 
pressed by the equations: 


e1(x,t) = Aifi(x,t,c21,01) + Aofe(x,£, av2,02) 
e2(x,t) = By fi(«,t,041,21) + Bofo( x,t, a2,02) 
e3(x,t) = Ci filo, t, 01,01) + Cofo(%, t, 2,2) (1) 
11(x,t) = D,fi(x,t,04,01) + Dofo(x,t, a2,02) 
do( x,t) = Exfi(x,t, 01,0; ) + Eofo( x,t, a2,02) 
13(x,t) = Fyfi(x,t, 01,01) + Fofo(x,t, a2,02) 


These are merely symbolical expressions 
indicating the dependence of the voltage 
and current variations on separate veloc- 
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Figure 2. Surge components 


ity and attenuation coefficients. These 
coefficients themselves are not constants, 
but are functions of the frequency com- 
ponents contained in the initial wave. 
(A more explicit form could be used, em- 
ploying Fourier integrals and the cor- 
responding transforms.) 

Of particular importance are the values 
of the coefficients A;, As, By, Bs,.... 

These may be functions of time, but in 
the simplest cases are merely numbers 
which determine the relative magnitudes 
of the individual components necessary to 
satisfy the initial boundary conditions. 
In the notation to be used: 


A,=initial value of the fast component of 
e1(x,t) 

A»=initial value of the slow component of 
e:(x,t) 

D,=initial value of the fast component of 
(x,t) 

D,=initial value of the slow component of 
a1(x,t) 


with similar designations for the other 
components, 
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In what is to follow, a completely 
rigorous approach is not possible. The 
position taken is therefore that the losses 
are to be considered small, and that they 
can be approximated by resistance and 
conductance coefficients. It also will be 
assumed that the inductive and capacitive 
coefficients are to be calculated with the 
ground surface as the zero plane. The 
mathematical relations take the form of a 
set of equations similar to the ‘“‘teleg- 
raphers’ equation,’’ but including cou- 
pling terms. 

From the basic nature of the system, 
assuming uniformity of distributed con- 
stants and transposition of conductors, it 
follows, as shown in the Appendix, that: 


A,+B,+C,=0 
Az,= B= C,* (2) 
D,+£,\+ fh, =0 


D,= EF, = F, 


A similarity is to be noted between 
these relations and those involving sym- 
metrical components. For example, the 
relation involving the slow components 
of current.is equivalent to current flow 
on the three wires in parallel, with ground 
return, analogous to the zero sequence. 
The fast components of current satisfy 
the relations between instantaneous 
values in an isolated 3-phase system, 
analogous to the sum of the positive and 
the negative sequences. 

The relations of equation 2 are equiv- 
alent to those obtained by Bewley,*® but 
are in a sense more general, since they 
apply independently of the manner in 
which account is taken of losses. The 
relations hold for each frequency com- 
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ponent and therefore to the composite. 

The effect of the assumption of low loss 
is to make the velocities nearly inde- 
pendent of the losses and to make the 
initial ratios of slow and fast components 
primarily a function of the inductance 
and capacitance coefficients. 

The slow and fast waves are each 
separate solutions of the differential equa- 
tions. For any particular frequency com- 
ponent, therefore, a certain ratio exists be- 
tween. the voltage and current waves. 
This is similar to the characteristic im- 
pedance of a single-phase line. The as- 
sumption of low loss amounts to making 
the two characteristic impedances essen- 
tially pure resistances, and with the same 
essential value for each frequency com- 
ponent in the waves. The characteristic 
impedance of the fast wave is lower and 
that of the slow wave is higher than for 
a single-phase line of the same height and 
conductor size. 


Separation of a Wave Into 
Components 


For fault locator considerations, the 
important problems are the determination 
of the manner in which an initial surge is 
resolved into separate waves, the nature 
of their propagation, and the effect of 
discontinuities in the system on the trans- 
mission and reflection at these discon- 
tintities. 

The first step requires a mathematical 
formulation of the original surge itself. 
This will depend on the origin of the surge, 
which may result from any one of the fol- 
lowing processes: 


Lightning. 
Switching operations. 


Staged fault tests. 


oe See 


Fault locator operation, such as in the 
type C equipment. 


In the following discussion it will be as- 
sumed that such a formulation has been 
made, although it needs to be emphasized 
that the effects of these processes are not 
necessarily alike. No attempt will be 
made here to consider the nature of light- 
ning itself, the effect of resulting insulator 
flashover, the modifying action of corona, 
or the nonlinear nature of arcing charac- 
teristics. In the case of a staged fault 
where an energized system is shorted, the 
method of superposition may be utilized 
to obtain the equivalent of an applied 
surge, of such a form and polarity to rep- 
resent the difference between the faulted 
condition and the original unfaulted 
state. 

Once the initial conditions are stated, 
the separation of the wave into compo- 
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nents requires the evaluation of the co- 
efficients in equation 1. For the 12 co- 
efficients, six relations are provided by 
equation 2. In addition, each fast wave 
of voltage is related to the fast wave of 
current by a characteristic impedance, 
and the slow waves are similarly related, 
as shown by equation 3: 


Ay By C; 
Z=-f—2 3) 
ue) Men aah ( 
dp. oe C 
Lp 42 Ane sed 
Dy eek 


Thus three initial conditions are necessary 
to determine the complete set of coeffi- 
cients, 

A large number of combinations of the 
six variables are possible. Solutions for 
the coefficients A;, A», and B, are given 
in Table I for seven of the most important 
cases. The other nine coefficients can be 
derived from these by the relations of 
equations 2and 3. In Table I, the ratio of 
characteristic impedances is expressed 


f=— (4) 


It is assumed in Table I (for example in 
case IV) that 2, is the voltage applied to 
conductor number 1, that is, e (x,t) in 
equation 1. Expressions for many other 
combinations may be obtained from 
Table I by eyclie rotation of the letter 
subscripts and the letter coefficients. 

An example of the use of Table I is pro- 
vided by Figure 2, which has been drawn 
for a step wave applied to conductor 
number 1, computed with the value of 7 
equal to 2, A positive voltage is applied 
to conductor number 1, and voltages are 
induced on the other two conductors, 
The separate components satisfy the six 
relations of equation 2 and also the ter- 
minal conditions, 


The Propagation of the Components 


From the relations derived in the Ap- 
pendix, it has been determined that the 
surge components not only travel at dif- 
ferent speeds, but that the slow wave is 
attenuated more than the fast wave, 
When the attenuation is multiplied by a 
large distance, the effect is to make the 
slow wave magnitude very small in com- 
parison to the fast component. It is con- 
cluded that in cases involving multiple 
reflections, the effect of the slow wave is 
usually negligible. 

From the equations, a ratio of less than 
2-to-1 might be expected for the attenta- 
tion terms in a line of usual dimensions. 
Actual tests on carrier systems" indicate 
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f 
that the ratio may be as high as 10-(6-1 at 
some frequencies. It may be that slow 
waves flowing with a ground return ex- 
perience greater losses than are indicated 
by the assumption of constant resistance, 

Not only does the fast wave experience 
less attenuation than for a single-phase 
line, but the velocity is greater, That the 
fast wave is shown to travel more nearly — 
at the velocity of light is of significance in 
calibration of fault locator distances in 
terms of time. 

Another important consideration con- 
cerning calibration is related to the ques- 
tion of the actual path by which a wave 
travels, taking account of conductor sag 
and irregular terrain, Although no direet 
evidence is available from the analysis, it 
is tempting to speculate that since the 
fast-wave current flow is confined to the 
metallic conductors, there may be reason 
to believe that the distance of travel is 
determined primarily by the physical 
length of the conductor and only seeond- 
arily affected by the changing height, 


The Effect of Discontinuities 


Calculation of the effect of a short cit- 
cuit, or other type of discontinuity can be 
most conveniently made by a method 
employing superposition, Thus, the 
effect of the arrival of a voltage at a short 
circuit can be simulated by the application 
of an equivalent generator, having a volt- 
age equal and opposite to that of the ar- 
riving surge. The superposition of the 
original waves and those of the equivalent 
generator will represent the resultant con- 
ditions on both sides of the fault, 

The nature of the equivalent generators 
to be employed to simulate a discontinuity 
depends on the nature of the arriving 
wave and the boundary conditions ime 
posed by the discontinuity, Table T ean 
be used to provide the relations at the 
equivalent generator in most cases, 

An example is provided by Figure 8, 
illustrating a case where a surge, origi- 
nally applied to phase A, as initiated in 
Figure 2, arrives at a fault, after sufficient 
(travel so that the slow component has be- 
come negligible, The fault is between B 
and C phases and ground, 

In calculating the reflected waves (de- 
noted by primes), it is necessary to cone 
sider that the characteristic impedances 
are negative quantities for waves traveling 
in the negative direction, This is con- 
sistent with designation of positive eur- 
rent as a current flowing in the direction 
of the incident wave, 

In the case of Figure 3, the continuity 
conditions require that the resultant eon- 
ditions on the two sides of the diseon- 
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tinuity satisfy the following relations be- 
tween transmitted waves (designated by 
double primes), the incident waves, and 
the reflected waves: 


“Voit = Cright = ete’ =e" 
Der, = 1-0’ (5) 
dright = 0" =i—1' 


These rélations apply when shunt gen- 
erators are used, Analogous but some- 
what different relations are required when 
a series current-generator is used to simu- 
late an open circuit. The relations are 
determined by the principle of super- 
position. 

It is convenient to designate as transfer 
characteristics, the fractions of fast 
waves which are reflected and transmitted 
at a discontinuity. The voltage charac- 
teristics, for a 3-phase system, unlike 
those for a single-phase system, are func- 
tions not only of the type of discontinuity, 
but also of the disposition of the incident 
waves. 

The number of possible combina- 
tions is almost without limit. However, 
some of the most important cases are 
illustrated in Table II. The values in 
Case 4 are those applicable to Figure 3. 
Although general expressions are possible 
in terms of the parameter 7, Table II has 
been prepared for a value of 7 equal to 2, 
which is probably a representative value. 


Special Cases 


Certain special cases are of importance 
which require a special treatment not 
covered by the foregoing analysis. 

The first of these is one involving dis- 
symmetry with respect to the two direc- 
tions at the fault. Two examples are 
illustrated in Figure 4. Neither of these 
are included in Table I. The analysis in- 
volves simultaneous solutions for two 
transmission systems having common 
boundary conditions, involving equal and 
opposite currents in the ungrounded 
conductors. Details of the analysis will 
be omitted, but the transfer character- 
istics are given in Table III (for y=2), as- 
suming an incident fast wave such as that 
originating in Figure 2. The fault condi- 
tions differ very little in practical form, 
but differ widely with respect to fault- 
locator considerations. Both systems 
transmit the same fast waves beyond the 
discontinuity, but the fast-wave reflec- 
tions from the case in Figure 4(B) are 
nearly twice those in Figure 4(A). 

Another special case is that where the 
ground fault impedance is not zero. Fig- 
ure 5 illustrates the form that must be 
assumed for the equivalent generator. 
The situation requires simultaneous solu- 
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Fast-Wave Voltage Transfer Coefficients* 
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tion of the line equations and the follow- 
ing equation at the generator: 


e:! = EB, —2i,'Ry (6) 


The ratio of e;' and 7,’ can be determined 
by calculation from Case IV in Table I. 
A third special case is illustrated in 
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Figure 6, where the ungrounded con- 
ductors have significant lumped capaci- 
tances to ground, as would be the case 
where a fault occurs adjacent to a large 
bus structure. Figure 6(A) is applicable 
to the initial surge, when one conductor is 
suddenly grounded; Figure 6(B) is the 
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INCIDENT 


Figure 4. Fault representation 


equivalent system for simulating the ef- 
fect on arrival of a surge. In these situa- 
tions, the conductors act initially as 
though grounded, but after a time, they 
behave as though ungrounded. These 
are cases where the coefficient A;, Ao,... 
are not constants, but are functions of 
time. Details will not be included, but 
the solutions can be considered as transi- 
tions between two states, involving a cer- 
tain time constant. 


Comparison with Test Results 


The validity of the proposed procedure 
is supported by test results obtained 
under three widely different conditions. 

Figure 7 shows a series of oscillograms 
previously reported by Spaulding and 
Diemond,? obtained from operation of the 
type C fault locator, and reproduced here 
for illustration. Also indicated are cal- 
culations of the relative sizes of the re- 
flections to be expected. The tests shown 
were all made on the Ross-Longview 230- 
kv line of the Bonneville Power Adminis- 
tration, with the line de-energized. 
Surges were applied at the Ross end, with 
faults connected at a distance of 32 miles, 
and with the line open at Longview, at a 
distance of 51 miles. These are all cases 
represented by Cases 1 through 8 in 
Table II. Some of the results show re- 
flections obtained from the fault and from 
the far end, while others show reflections 
from the fault only and others from the 
far end only. Reflections indicated at 62 
miles are reflections obtained from the 
fault after two round trips. Considering 
that any reflections obtained from the far 
end must traverse the fault position 
twice, once in each direction, it is neces- 
sary to multiply the incident wave twice 
by the transmission coefficient in order to 
obtain comparative results. Since the 
fault-locator response is dependent on the 
steepness of the wave front, which changes 
due to attenuation, a direct comparison 
between reflections obtained at the fault 
and at the far end is not applicable. If it 
be assumed that the steepness of the wave 
is diminished approximately in propor- 
tion to distance traveled, and proper al- 
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lowance made, the results obtained are 
almost exactly those which are indicated 
by Table IJ, within the limits of record- 
ing accuracy. 

Another series of tests, made on the 
Bonneville system in February 1951, 
included two from which the records in 
Figures 8 and 9 were obtained. In each 
case, a fault was initiated by closing a cir- 
cuit breaker at Chehalis substation, 87 
miles from Ross substation, where the 
records were obtained. For Figure 8, the 
fault was from A to B phase, and for 
Figure 9, from B phase to ground. The 
records of Figure 8(A) and 9(A) are in- 
dicative of the true nature of the traveling 
waves, and were obtained by recording the 
voltage on B phase at Ross through a 
coupling system consisting of a high- 
voltage carrier coupling “capacitor and a 
voltage divider network. The coupling 
system introduced a long time constant of 
about 450 microseconds, about half the 
length of the record, which modified the 
long-time average but did not materially 


modify the short-time variations. The 
Cpe ails Cpe: 
$4 ne 
oe — ) Ena =6; 
of ae ot a *f a 
15=0 
1¢=0 
Figure 5. Fault with ground resistance 


records in Figure 8(B) and 9(B) were 
taken on the type A fault locator equip- 
ment (but with some modifications not of 
significance here). The input to the fault 
locator was obtained from an antenna- 
type coupler, with a very short time con- 
stant, located under the main station bus. 
The effect of the short time constant is to 
make the response essentially propor- 
tional to the rate of change of the input re- 
corded by the first oscillograph. 


Although the records of Figures 8 and 9 
show reflections obtained from other parts 
of the system, particular attention is 
directed to the differences in shape of the 
initial surges at the beginning of the rec- 
ords, and the magnitudes of the reflec- 
tions at the 87-mile point (the range 
markers are at 10-mile intervals). A line- 
to-ground fault initiates a wave con- 
sisting of both slow and fast components; 
in the present instance, the initial surge 
was modified by the effect of a large 
capacitance to ground on the unfaulted 
conductors, such as was discussed in 
connection with Figure 6. The initial 


Lewis—Power-System Fault Locators 


wave rises to a maximum and then actu-— 
ally decreases, with a time constant de-_ 
termined by the bus capacitance and the — 
line impedances (the effect is somewha 
obscured, however, because of the capac-— 
itance of the bus structure at the receiv- | 
ing end). In the line-to-line fault, only a 
fast-wave component is produced; since — 
no voltage change occurs on the unfaulted 
conductor, its capacitance to ground has | 
no effect. The difference between re-— 
flected waves at the 87-mile point is the | 
result of two factors: first, the line-to-line | 
fault produces an initial fast wave of 
larger value, and second, the reflection — 
characteristics are different in the two | 
cases. For the line-to-line fault, the re- 
flection coefficient is 100 per cent; for the 
line-to-ground fault,’ the reflection co-— 
efficient would be 100 per cent at the — 
initial instant because of the capacitance, — 
but if the bus capacitance were not con-— 
sidered, the coefficient would be only 50 — 
per cent. The actual results correspond — 
to a value somewhere between. It is to be 
expected that after the wave front of a 
surge has become less steep due to at-— 
tenuation, the modifying action of the 
bus capacitance will become less pro- — 
nounced, 


A third set of data for comparison is 
provided by an interesting series of 
oscillograms published by Rudge! in 
1930. These were obtained for different — 
types of discontinuities and recording 
conditions by application of surges to — 
phase A and measurements of voltage on — 
phase B at points approximately 5 miles 
away. ‘These are examples in which the — 
slow waves are of significant magnitude, — 
but the differences in velocity have re-_ 
sulted in the separation of components. — 
Although the information available does — 
not permit quantitative analysis, the ap- 
plication of the principles discussed here 
give predictions of wave shape in full 
agreement with test results. Account — 
must be taken not only of the velocity — 
differences, but also of the reduction in 
slope of the slow wave. 
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Figure 6, Fault with capacitance to ground 
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Conclusions 


An appraisal of the response possibili- 
ties for the different fault locators can be 
made in terms of the foregoing analysis. 
From the standpoint of the initial waves, 
the type C and the Linascope are the 
simplest systems, since the surges are 
controlled and of the same character each 
time. Because of the relative unimpor- 
tance of the slow wave, an applied-surge 
system is effective only to the extent of the 
fast wave produced, and only if the fast 


Figure 8. Fault from A to B phase. 
Records taken at 87 miles 


(A) (below). Voltage on B phase 
(B) (right). Fault locator 


CALGULATED Figure 7 (left). Type 
RELATIVE REFLECTIONS C dead ling tests 
vedas cules 
FROM | FROM 
FAULT |FAR END 
1.0 0 
0.8 0.04 
| 
05 | 0.25 
0.125 0.765 
0.2 | 064 
| 
1.0 Le) 
0.75 0.062 
) Me) 


wave is such as to produce reflections for 
all types of faults to be recorded. Ap 
plying a single voltage always to the same 
conductor does not insure reflections. 
The selective switching arrangement of 
the type C system does assure reflections; 
an alternate arrangement would be the 
application of unequal voltages simul- 
taneously between each of two conductors 
and ground. In the latter arrangement, 
by the proper choice of the voltages it 
would be possible to establish fast wave 
voltages between each conductor and 
ground and} between each pair of con 
ductors, so that reflections would be ob- 
tained from both line-to-ground and line- 
to-line faults. 

In the type A and B systems, the 
initial surge will have a character deter- 


mined by the nature of the fault, Par- 
ticularly in the case of lightning strokes, 
it would appear most probable that a fault 
would be initially from one line to ground. 
For the type A system, a subsequent re 

the fault 
different 


involve 
than the 
original, particularly if the initial fault 


flection from might 


surges of a nature 
condition has progressed to a multiline 
fault. 
would still be involved in the discon 


At least the original faulted phase 
tinuity. There is reason to believe that 
some of the conditions possible in staged 
tests would be unlikely to occur with 
lightning strokes. 

A major concern in all systems is the 
type of coupling used to record traveling 
waves. The coupling system should have 
a response with as little variability as 
possible. With recording dependent on 
fast waves, the possible combinations of 
received voltage are the same as the pos 
sible combinations of instantaneous volt 
age in a 3-phase system. Thus, coupling 
to a single conductor alone does not as 
sure a response. The most effective sys 
tem would be one which would respond 
to the largest of the three voltages which 
could exist on any one of the three con 
ductors at any one instant, 


Mathematical Appendix 


The voltage and current variations for a 
3-wire transmission line may be considered 
as represented by: 


Oe of; og Ory Ols 
= =Ly + Rutit Lis t Lis 
ov ol ol at 
a) or ol Ols 
——=Ly—+Ln sitet Las (7) 
ov ol ot ol 
O€ ay re) i l ey 2 or 3 4 
= = Ly + Liss t Liss t+ Rots 
ov ol ol ol 
ol; - Oe; 7 a Oey 4 Oes 
= =O) +Guert Cy t Cis 
ov ol ol ol 
Ole 4 OF; O€s = . Oey & 
— = Cy + Cog t+- Graves + Cog (8) 
ov ol ol of 


Ol; , Oe} _ Oes _ Oey : 
_ = Cs t Cye b Cys tb Gases 
ox ot ol of 


Figure. 9. Fault from B phase to ground 


(A) Cleft). Voltage on B phase 
(B) (below). 


Fault locator 
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Symmetry conditions will be assumed, as a 
result of uniformity of coefficients and trans- 
positions. Inductive and capacitive co- 
efficients may be evaluated in accordance 
with methods previously described.’ It 
will be assumed that the ground surface is 
the zero plane. 

Using E\(x,s), or simply £,, as the Laplace 
transform of ¢(x,t), and similar notation for 
the other terms, and neglecting initial con- 
ditions for simplicity, the set of equations 
may be written as: 


3 
ils > Tur($)Ir (9) 
Ox 
r= 
3 
alin > Knr(s) Ey (10) 
Ox 
Tf =1 


where 

Inn(s) = J =sLnn+Rin=slL+R 
Jams) = J! =sLnm=sL 
Kun(s)=K =sCun+Gnn=sC+G 
Kum(s)=K'=sCum=sC’ 


Differentiating equation 9 and substituting 
from equation 10, there results: 


4 


2 
OE Mar(s)Er (11) 

Ox? ; 2 

Lied | 
and similarly: 
a 

07In . | 
ee = Marl s Ir (12) 


4 4 
where Mnr(s) -> o®, me I nrls)Krg(s) 
Telq=1 


which will be designated briefly by: 


Mnrls)=M 
Mum(s) — M’ 


Denoting 0°H,/O0x? by p*H,, the solution 
for the complex propagation coefficients 
bn=anls)+Brl(s) depends on the roots of 
the characteristic equation: 


(p?—-M) —M’ —M’ 
—-M’ [p?—-M] —M' |=0 (13) 
—M’ —M’' {|p?—mM] 


which also can be expressed as: 
[p?—(M— M’)}*[p*—(M+2M’)]=0 
or alternately as 


i ABS UNIS 
[p?—(K+2K’)(J+2J')]=0 


Of the four propagation coefficients, two 
apply to the wave moving in the positive 
direction. Solttions of equation 11 for the 
positive wave are: 


Een( 8x) = Fyy(s et (0) 100)" 4. 
Fyn 52) Bat) (14) 


The expressions for Fri(s) and Fy(s) are 
transforms of time functions which are to be 
evaluated for conditions existing at «=0, 
and in many cases will have the same form 
as En(s,0) except for arbitrary constants, 
Solutions to equations 1 are then obtained 
by taking the inverse Laplace transforms of 
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equation 14, The results are expressed 
symbolically as: 


ex(x,t) = Asfi(u,t,e,01) + Aafa(%,t, 002,04) 
Cnt) = Bi filo ,t,oer 01) + Bofal xt, 002,02) 
€s(%,t) a Cifi(%,t,04,01) + Cofa( ot, 002,02) 


Similar expressions for the currents are: 


1,(x,t) = Dy fil ,t,00,01) + Dafal x,t, 002,02) 
tol x,t) = Ey fi(x,t, 00,01) + Lofu( 0, e12)02) 
Ag(%,b) = Fi fi(v tor ,01 ee Mo fo( %,b,002,02) 


An alternate view to equations 9 through 14 
is obtained through comparison of the La- 
place transform with the related TPourier 
transform, Thus, by writing (jw) in place 
of (s) in equation 14 there is obtained a 
relationship applicable to each value of 
frequency in the frequency spectrum of the 
traveling wave. The phase characteristic 
at each frequency is related to the phage 
velocity by: 


(15) 


(16) 


Ww , 


~ B(w) an) 


v(w) 


Equations 15 and 16 can likewise be con- 
sidered as summations through Fourier in« 
tegrals of the frequency components of 
equation 13, 

Substituting equations 15 in equations 11, 
and equations 16 in equations 12, and treat« 
ing each velocity term separately, using the 


relations of equation 13, there results: 
A,+B,+C,=0 
Ay=By= Cy 


D;+ y+ F\=0 


Dy = Fa= Fy (18) 


In terms of the frequency variable, there 
is obtained by equations 11 and 18; 


Aj lay(w) +7 8i(w) = Di |J(jw) = Jj) | 
Ag {ory() +9 82() | = Dal Jj) + 2I'(jw) | 
To the extent that the losses are small, 


approximate expressions may be obtained 
for the ratios in equation 19: 


(19) 


A 
Z\ = a wv,(L—L') 


‘ Ay 
4™5 ty L+-2L') (20) 


Ly 


Values of the complex propagation co- 
efficients are obtained from equation 13, 
and with the higher order terms neglected, 
may be expressed in the form: 


p(s) = yore f+" | 
f 


where Byo=1/e and ¢= velocity of light, or 
in terms of frequeney components, 8 


P( jr) = oo) +) 8() 


aay i 4 
Bo + jus \ 14(%") os 
2 ‘i “*h 


For the individual terms, the attenuation 
parameters become: 


(21) 


ee ~ G 
quo 
5 L=L! C=C’ 
R G 
dy = <a ~——_ 
: L420? C-4+90" (22) 
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rs 
The individual velocity terms, frord 
tion 17, are: 


\ 


{<—— 
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Discussion 


K. HM. Kidd (The Hydro WWleetrie Power 
Commission of Ontario, Toronto, Ont.): 
The analysis of waves on 8-phase systems is 
certainly facilitated by the two component 
concept, Uo is unfortunate however that 
these are referred to us slow wad fast come 
ponents. Tt is true that the two come 
ponents do travel at different velocities but 
they are both within a few tenths of 1 per 
cent of the velocity of light, The main fea« 
ture which distinguishes the two components — 
is the large difference in attenuation factor, 
Ax noted by the author the slow ¥ are 
attenuated rapidly, This faet is Hus. 
trated though by equations 22 tn h the 


slow wave attenuation factor dy is a ve 
less than the fast wave atten ay. 
The rapid attenuation of the s coms 


‘ 
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Table | 
Applied Reflected Arrival 
| Voltage Voltage Voltage 
Total Ist Comp. Total lst Comp. Total 
| i LsOikers tee hststs GHB Roaraae Ooi akira hie es —0.4 -0.8 
i 2 jo Bearers =O tit scals ais sis OS Lite sraucont shear Sear ene nee +0.4 
i : Oe eect tt m= () 2 Oar alc kel ofp = of On Ventsere cesses +0.2 oe OLE 
a 
DOs ative Anta as ORB aisianrars 0). OD fester a winterize =—0.1 —0.2 
—— jo Ss Bs Btete SS ON25 ernie teins ORR Onas eat +0.2 +0.4 
fs Se kciathas SOK ZB. si ccaie «siete O06. ces os ore —(Oi 1 —0.2 
| 
ponent is only accounted for when the effect 2. Assume fault characteristic. Calculate 


of the finite earth resistance is considered. 

The current and voltage waves of the first 
kind add to zero, and are analogous to 
positive sequence symmetrical components. 
The earth return current of the first kind is 
the sum of the 3-phase currents of the first 
kind and is zero. Hence the finite earth re- 
sistance has no effect on the component of 
the first kind. However, the component of 
the second kind produces an earth return 

“current equal to three times the individual 
phase currents, similar to a zero sequence 
symmetrical component. Hence the finite 
earth resistance acts to attenuate this com- 
ponent very rapidly. 

Some interesting observations can be 
made with regard to Table I of the paper. 
In case I and II if the same voltage is ap- 
plied between all three phases and ground, 
waves of the second or ‘‘slow’’ kind only are 
generated and the attenuation is very rapid. 
This checks with Spaulding’s and our tests. 

If the pulse E, is applied to one phase 
only, with the other two phases left open 
circuited (Case IV, Ip=Ic=0, r=2) the 
waves of the first and second kind are equal 
and are H4/2. If the pulse E, is applied to 
one phase only and the other two phases are 
grounded (Case I Ez; =Ec=0) the wave of 
the first kind is 2/3 E4 and that of thesecond 
kind is 2/3 E4. This agrees with experience 
with the linascope when locating sustained 
faults when better transmission is noted if 
the two adjacent phases are grounded. 

As indicated in Figure 4, the reflected 
wave also consists of the two components 
even though the incident wave is of the first 
kind only. Thus only the first component 
of the reflected wave would travel back to 
the test terminal. This consideration casts 
doubt on the reflection coefficients calcu- 
lated in Case 1, Table II. Since the re- 

flected voltages are indicated to be equal on 
the three phases there would be no first com- 
ponent of the reflected wave and hence the 
attenuation would be rapid. I have calcu- 
lated the reflected voltages for Case 1 and 
get —0.5, +0.1, and +0.1 for the three 
phases and not —0.5 on all phases as shown 
by the author. 

On returning to the point of application 
the reflected wave would again be altered 
by the terminal impedance. Thus there are 
four steps to a complete solution: 


1. Assume applied voltage. Calculate 
component of first kind from Table I of 


paper. 
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total reflected wave from Table II. 


8. Calculate first component of total re- 
flected wave again referring to Table I of 
paper. 


4. Calculate magnitude of arrival wave at 
test terminal by again referring to Table II 
with assumed values of terminal impedances. 


Typical examples of this complete solu- 
tion are shown in the Table I of this discus- 
sion, where the generator is assumed to have 
a high internal impedance, so that the re- 
turning echoes are doubled in voltage. 


Appendix 


1. Reflection at a single-phase ground 
fault, following the method of Bewley.! 


e / 
e;—_—_——— rg el ——>e,” 
ep’ = 
Cote ————— SY 
e3 
<< 
e——_——— > —__re3” 
Voltage relations at the fault. 
e+e’ =e," =0 
eo +62’ =e” 
3 +e3' =e3" 
Current relations at the fault. 
Phase 2. | 
YVy(e1 —e1’) + Yo(e2—e2') + Vases — es’) 
ns Yue te ain Yoes” Ae Vues t 
Phase 8. 
Yule ml ”) ie Yule Ca) ot Yo(és —e3') 
= Vues” + Vater” + Yoes” 


Solving for the reflected waves. 


Yu 
————— 
Yot Yu 
On a typical 230-kv circuit, 795,000 circu- 
lar mil steel reinforced aluminum cable, 


horizontal spacing 25 feet, height above 
ground 60 feet. 
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Zo=1/ Yo=470 ohms 
Zu =1/Yy=95 ohms 


Hence 


a’ =—-4 


es’ =e3'= +0.2¢1 


The incident voltage on phase 1 is com- 
pletely reflected. The reflected voltages on 
phases 2 and 3 are functions of the incident 
voltage on the faulted phase only. 

Referring to Table I of the paper, Case 1, 
the components of the first kind are —0.8,1, 


+0.4¢1, +0.4e1. 


2. Calculation of fast and slow com- 
ponent velocities. Taking values for a 
typical 230-kv circuit and calculating the 
resistance at 1 megacycle. 

R=107% ohms/foot 

G=0 

L=0.5 microhenrys/foot 
L’=0.1 microhenrys/foot 
A, =2.5X 103 

Az =1.4X108 

Attenuation coefficients in decibels per 
mile are therefore: 


a,=0.06 decibel per mile and az:=0.034 
decibel per mile 


The velocities are given by 


C wa 
= rey 
2.5 X10? \2 
Mets | 
\ (or) 
and 
a (® 
Ve oe 


y+( 1.4X108\2 | 
6.28 X10° 


3. Effect of finite earth resistance. The 
difference in attenuation of the two com- 
ponents is much more pronounced when the 
effect of finite earth resistance is considered. 
Let earth have finite resistance Ry. This 
adds the following terms to equations 1. 


Roa +t. +is) 
The expressions for Jnn(s) Jnm(s) become 


Inn(s) =sL+R+Ro 
JInm(s)=sL' + Ro 


Solving for Ai and Az 


ee ee tion 16 

d Sa a mn 

1 i DR? C= Cc’ as in equa 10 

1, -R+3Ro ; - ‘i 

AL ee increase over e a- 
Soper UCLaCt 2 


tion 16 


The effective earth resistance at high fre- 
quencies is given by 


_v2 
h 


where p=the earth resistivity =10,000 say 
h=the conductor height 
f=the frequency 


Ro WV pf X10-9 ohm per centimeter 


Hence R,=75 milliohms per foot and az be- 
comes 7.6 decibels per mile. The attenu- 
ation would be somewhat lower than this, if 
there were an overhead ground wire. 


WV EUNCH 


} THAVHLING Wavis on ThANSmisston BY% 
yums, (hook) L, V, Bewley John Wiley and Sons, 
Jne., New Vork, N,V 


L, RB. Spaulding (Gonneville Power Admin 
istration, Portland, Oreg.) and C, C, Die- 
mond (Bonneville Power Administration, 
Vancouver, Wash,):; Dr, Lewis’ paper pre 
sents a very ereditable explanation of the 
experimental data reported earlier in eon 
nection with the type-C fault loeator,’ In 
the light of this work, we are studying the 
possibility of eliminating the phase selecting 
relays from the type-C fault locator design, 
These relays represent a substantial portion 
of the cost of this device 

It is suggested that 
initiation of the type-G fault Joeator, the 
terminology be clarified, The type-C lo 
initiated by operation of fault de 
tecting relays, ‘These respond to 60-eyele 
per-secoud quantities present during the 
fault and not to the initial faull-generated 
surge which is taken to menu, in Milt looat 
ing terminology, the steep wave front at the 
start of the fault 


in deseribing the 


CHLO 15 


OND 
LECTION 


Figure 4 


We would tile to tilee this opportunity to 
report the first suecesslul operation of the 
fypeC fault using an eleetronte 
counter to give a direct tndleation of fault 
distanee, Independent of photographie proe 
esses, The firet outage on the Coulee 
Spoke 2IOley tines duriig the 1961 light 
Hig season oeourred on July 1, LOGE, At 
4:02 pan, Poeiie Standard Time, the Cou 
lee Spokane Line number & was hit by light. 
Hing, cleared ind reelosed, The type 


looutor 


LOS0 


fault locator operated and its electronic 
counter registered 227 microseconds, which 
indicated a distance of 21 miles from Spo- 
kane. This point falls between towers 316 
and 217, The line patrolman dispatched to 
this point reported that flashover and con- 
duetor burns were found at towers 317 and 
318, The film showing the cathode-ray 
trace from the type-C fault locator was later 
developed and showed a reflection of 21 
miles, which verified the counter reading. 
This verifying trace is shown in Figure 1 of 
this diseussion, 


Ra WRWNCH 


J Hee reference 2 of the paper, 


Laurel J, Lewis: ‘The discussion by kK. H. 
Kidd, indicating a method for ineluding 
specifically the effeets of ground resistance 
on the wave components is a significant con- 
tribution, The original @quations showed 
definitely the relation between attenuation 
and velocity and the faet that a wave which 
experiences greater attenuation necessarily 
travels at a redueed speed, While experi- 
ence had been relied upon primarily as the 
basis for disregarding the propagation of the 
wave with ground return over long dis- 
tances, it is valuable to have the effeets more 
completely represented in the equations. 
It must be recognized, however, that the 
complete relations depend upon all the fre- 
queney components in the initial surge, and 
that ealeulations at a single frequeney are 
informative but do not indicate the full 
effect on the wave shape and velocity of the 
purge, When wave travel involves only 
short distances, the differences in velocity of 
the components are clearly evident.’ There 
seems (o be no fundamental objection to the 
use of the terms slow and fast waves; these 
designations have been in use for a consider- 
able time, 

There seems to be a misunderstanding 
concerning the values in Table II, These 
voltage transfer coellicients are not voltages, 
as indicated by Mr, Kidd, but are ratios of 
(he reflected and transmitted fast waves to 
the incident fast waves, computed for each 
phase separately, The fact that the co- 
eflicients may be equal on the three phases 
does not mean that the voltages are equal, 
but only that the relative values are the 
same as in the incident waves, 

Mr, Kidd's ealeulations for Case 1 and 
Case 2, Table 11, do not agree with those in 
the paper, In the first place, the incident 
waves were determined from the equations 
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in Table I, for the case where 42, and 
agree with the values used by the author, 


of a line which (using Kidd’s values) corre- 
sponds to a value of r=1.76. Finally, 
although the voltage and current equatio 
in Mr. Kidd’s Appendix 1 are correct, the 
relations between surge impedance and 
surge admittance are not as indicated. The 
Y matrix is the reciprocal of the Z matrix, 
but the individual terms are not reciprocals — 
of each other, as shown. Actually Vy is 
negative, although Zy is positive. : 
The method used by the author for de 
termining reflected voltages, using equiva- 
lent generators and superposition, is actually 
an easier approach, since the admittance 
need not be calculated. One can use di 
rectly the equations in Table I of the paper, 
once ry has been found from the values in 
equation 20. An alternate procedure is to 
use: 


Z,=LZ)—-ZmM 
Z4, =Zy +22 


with values determined from: 


4 ; 2h 
Zy = 138 logio 
p 


Zu = 188 | th 
aM = te O10 D 


where: 


h= equivalent conductor height 
p=conduetor radius 
D =equivalent conductor spacing 


Spaulding’s and Diemond’s discussion 
indicates the importance of developments 
continuing with the type-C fault locator. 
It seems reasonable to expect an increasing 
interest in the applied-pulse type of system, 
especially because its operation does not 
depend on the availability of a communica- 
tion circuit such as a microwave system, 
A particular topic requiring further investi-— 
gation is the study of the pulse system itself, 
especially where the pulses are applied 
through one of a group of coupling capaci- 
tors, and where auxiliary equipment con- 
sisting of carrier-coupling units and wave 
traps may remain connected to the other 
phases. The physical arrangements influ- 
ence the form of initial surges and the re-— 
ceived voltages, and are much more compli- 
cated than has generally been considered, 
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1, See reference 9 of the paper, 
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Resistance Effect on 230-Kv Fault 
Values Relating to Circuit Breaker 


Application at Grand Coulee 


A. C. CONGER 


ASSOCIATE MEMBER AIEE 


ARLY studies and _ calculations!” 
m concerning the bussing at 230 kv of 
the generators at the Grand Coulee Power 
Plant and the lines emanating therefrom 
indicated that the asymmetrical fault 
currents to be encountered as the Coulee 
installation grew would increase very 
rapidly and the development of ultrahigh 
interrupting capacity circuit breakers, as 
well as means of limiting the fault current 
were investigated thoroughly. The 
-Grand Coulee generators have a low sub- 
transient reactance of 16 per cent and, 
therefore, contribute considerable d-c 
component to the total fault current for 
faults close to the 230-kyv switchyard. 
Actual field tests show that the affect 
factor is 1.4 for faults supplied entirely by 
the Coulee generators. Since a few ohms 
resistance results in a small (fast) d-c time 
constant which acts to reduce a large 
proportion of the fault current which 
comes from the generators, an investiga- 
tion was made to determine the possi- 
bility of using resistance in the two river- 
crossing circuits interconnecting the two 
Coulee switchyards to reduce the asym- 
metrical portion of the total fault cur- 
rent. 


Grand Coulee Power Plant 


The Grand Coulee Power Plant is 
located on the Columbia River near the 
geographical center of the State of Wash- 
ington. The two powerhouses, one 
located at either end of the dam, generate 
the largest concentration of hydroelectric 
power in the world and are solidly bussed 
at 230 kv. This power is transmitted to 
the Northwest Power Pool through the 
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transmission lines of the Bonneville 
Power Administration. The nine gener- 
ators installed in the Left Powerhouse and 
the nine for the ultimate installation in the 
Right Powerhouse will provide a rated 
capacity of 1,944,000 kw with a peaking 
capability of approximately 2,340,000 kw. 
The total rated generating capability of 
the pool exceeds 5,000,000 kva at pres- 
ent. 

The generator voltage of the units in 
the power plant is 13.8 ky with single- 
phase transformers stepping the voltage 
of the Left Powerhouse units to 230 kv on 
seven generators, to 115 kv on one, and on 
another to both 230 kv 
through a 8-winding bank which con- 
stitutes the tie between the 115-ky and 
230-kv switchyards. The nine generators 
of the Right Powerhouse will connect to 
the 230-kv switchyards. The bussing is 
accomplished in the two 230-kyv switch- 
yards with the ultimate installation of 12 
lines emanating therefrom. The switch- 
yard busses constitute a closed ring, 
Figure 3, electrically connecting the 12 
lines and 17 generators at 230 kv. The 
solid ring bus is comprised of six sections 
connected by 10,000,000-kva bus section- 
alizing circuit breakers with two river- 
crossing circuits interconnecting the two 
switchyards, The line and bus-tie circuit 
breakers are rated 10,000,000 kva at 3- 
cycle interrupting time with 20-cycle re- 
closing on the line circuit breakers. 


115 kv and 


Purpose of Tests 


The resistance tests were proposed to 
verify computations of the effect that 
resistance would have on the fault current 
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as well as a means of checking the cal- 
culated value of resistance required to 
limit the fault current at circuit breaker 
interruption to the desired value, Con- 
sideration was given to the placing of re- 
sistor banks in each tie circuit or the in- 
stalling of resistance conductors in the 
two tie circuits. The resistance con- 
ductors appeared the more feasible and 
investigations were made into the usage 
of a copper alloy conductor with approxi- 
mately 1-ohm resistance per phase per cir- 
cuit and it was mainly with this in view 
that these tests were made. 


Test and Switching Arrangement 


These resistance tests pertain directly 
to the effect that added resistance has on 
the resultant fault current as its transient 
d-c component is affected, thereby re- 
ducing the fault current that the circuit 
breakers would be interrupting. The 
tests were made with one generator, a 
small section of transmission line and a 
variable resistance with the object of 
simulating as near as possible the equiva- 
lent conditions that would actually exist 
with a bus fault with resistance in the 
bus and the ultimate generator installa- 
tion. To simulate these conditions, 4,388 
feet of transmission line would be re- 
quired between the switchyard bus and 
the point of fault to represent one half 
the length of one tie circuit. This ar- 
rangement with one generator required 
approximately 7-ohms resistance in the 
fault circuit to obtain an L over R time 
constant of the circuit comparable to that 
of the nine generators of one powerhouse 
operating in parallel through high-resist- 
ance tie-circuit conductors under fault 
conditions. In order to accomplish this 
the faults were applied on the 230-kv 
Coulee-Midway number | line at a tower 
4,153 feet from the switchyard bus. This 
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Figure 1. Midway line number 1 transmission 

tower Number 1151 showing variable resist- 

ance nichrome wire connected to line for test 
number 3 


distance being chosen due to the acces- 
sibility of the line at a tower near the de- 
sired distance. 


Existing equipment and installations 
were utilized for the test including a 
230-kv 
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Figure 2. 


3,500,000-kva 3-cycle-interrupting-time 
oil circuit breaker (JJ 20); about one 
mile of Midway line Number | adjacent 
to the left Switchvard with the related 
relaying; and one of the main unit gener- 
ators (L-6) manufactured by Westing- 
house which has a connected amortisseur 
winding and is rated at 108,000 kw, 13.8 
kv and 120 rpm. A 138.6/230-kv trans- 
former bank connected delta-star with 
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LEFT POWER PLANT AND 230KV. SWITCHYARD 


Nichrome resistance wire and support staging for variable resistance of 10 ohms per 
phase 


soNdly grounded neutral is connected be- 
tween the generator and the switchyard — 
bus and was in the test circuit. The ex- 
isting line metering circuits were utilized 
for obtaining the currents and voltages 
recorded by a magnetic oscillograph at the 
powerhouse. 

The main unit generator was isolated 


Figure 3. Grand Coulee 230-kv ring bus and 
switchyard arrangement (ultimate) 
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Figure 4. Oscillogram of test number 1, 3-phase solid ground to Y point at switchyard bus 
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Figure 5. Oscillogram of test number 1-R1, 3-phase solid ground to Y point at switchyard bus 
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Figure 6. Oscillogram of test number 2, 3-phase solid ground at tower, no resistance added 
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Figure 7, Oscillogram of test number 2-R1 , 3-phase solid ground at tower, no resistance added 
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Figure 9. Oscillogram of test number 3-R1, 3-phase fault to ground at tower, 2 ohms added per phase 
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Figure 11. Oscillogram of test number 4-R1, 3-phase fault to ground at tower, 


5 ohms added per phase 


Conger—Resistance Effect on 230-Kv Fault V; alues AIEE TRANSACTIONS 


in - | | ‘Hl | 


ii jut iii 


MIDWAY LINE War 


sO 


YOUAL CURRE 


nuvi * 


CURPENT Ag ; Hee ER en Ll dod | ee 
S80 Avers/ Tre \ i] } j 


, 
TOPE 


SYVVVVVVV VV VV VV 
HT 


PARA APA AAR ADA 


iN 


Figure 13. Oscillogram of test number 5-R1, 3-phase fault to ground at tower, 10 ohms added per phase 
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Table |. Calculated Values of Fault Currents Showing Effect of Variable = 
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with Midway line Number 1 on the bus 
(2C) for the tests with the bus 2C line 
circuit breaker used as a fault application 
and interruption circuit breaker. The 
duty cycle for each test was close-open at Results 


approximately 20 cycles with the long 
duty cycle to obtain a transient current- 
flow envelope which would approach the 
value of current as limited by the steady- 
state reactances. 
tripped by the 


The circuit breaker was 
normal line relaying 
equipment but with the ground relay in- 
stantaneous contacts and the first zone 
contacts on the distance relay blocked out 
and with the second zone timed at ap- 
proximately 20 cycles. The coil of an 
over-current relay was placed in the A 
phase current circuit for back- up tripping 
of the circuit breaker. The normal bus- 
differential relaying also was in service. 
The tests were completed in one series 
consisting of faults through five dif- 
ferent resistances ranging from a solid 
fault at the switchyard bus to 10 ohms: 
plus the resistance of 4,170 feet of line 
conductor, The first test arrangement 
was by closing the grounding switch in 
the switchyard, the second by grounding 
of the line conductors at the tower, 
Migure 1, and the third, fourth, and fifth 
similar to the second but with 2, 5, and 10 
ohms respectively added in the conductor 
to ground connection. The resistance was 
comprised of three ten-strand conductors 
of B and S gauge number 14 bare ni- 
chrome resistance wire in 600-foot lengths. 
The resistance wire was placed on 
wooden staging and pin insulators with 
each conductor in a single loop, Figure 2. 
The three grounded ends were brought to 
a common ground or circuit Y point. 
The grounding of the faults at the tower 
was considered reliable and was to the 
tower which has standard transmission 
line grounding as well as two overhead 
ground wires extending over seven spans 
from the switchyard. However, the over- 
head grounds or tower grounding was not 
directly connected to the switchyard 
grounding system at that time. 


1688 


It is to be noted that tests number 1! 
and number 1-R1, Figures 4 and 5, havea 
current offset greater than the a-c com- 
ponent value. Also tests 3-R1 and 4, 
Figures 9 and 10, appear to have offsets 
slightly in excess of 100 per cent. It is 
difficult to ascertain with certainty if this 
latter is the case due to the fast decay of 
the d-c component with the resulting en- 
velope on the oscillograms. However, it 
does appear likely in view of the offsets 
obtained on the first two tests. These 
large offsets are explainable as the d-c 
component is determined by the change in 
total armature flux of the machine, in- 
cluding the fundamentals and harmonics 
of the total flux wave, and may therefore 
be slightly greater or less than the theo- 
retical maximum value when the fault is 
applied at zero phase voltage.* 

The a-c component of the fault current 
decays in accordance with the subtran- 
sient-reactance time constant and at a 
much faster rate than the d-c component 
whose decay is in accordance with the 
armature reactance time constant as re- 
lated to the respective machine. There- 
fore, this relation in the decay of the re- 
spective machine fluxes which are intro- 
duced by a fault at the instant it occurs 
may in some instances produce a reversed 
current-flow envelope as obtained in test 
1-R1, Figure 5. 

The introduction of external impedance 
in the fault circuit greatly affected the 
rate of decay in the d-c component of the 
fault current as may be readily discerned 
by inspection of the oscillograms and the 
curve of Figure 14. The rate of decay was 
changed by the variable resistance added 
at the point of fault through the effect of 
this resistance on the machine’s armature 
constants. This effect is shown in the ex- 
pression! 
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Figure 14. Curve showing effect of variable 
resistance on d-c component decay. Points 
obtained from phase currents with initial offset 

near 100 per cent 


XetXeoxt_ 
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where the external reactance (Xex:) is 
added to the negative-sequence reactance 


in seconds 


sistance of the machine (7,) to obtain the — 
armature time constant (Ta). 


Conclusions 


The a-c component of fault current is_ 
made up of steady-state and transient a- 5 
components with the latter decaying with 
time. This decay associated with the de-_ 
cay of the d-c component greatly affects” 
the value of current actually interrupted © f) 
as compared to the value at fault initia-_ 
tion. The interrupting duty rating of a 
circuit breaker is determined at the point i 
of contact parting and the current rating | 
at the first half-cycle of arcing. There- H 
fore the fault current that a circuit — 
breaker is required to carry Sapipertory 
and prior to “contact parting’’ will nor- 
mally be considerably greater than the i 
rated current value of the circuit breaker, — 
Also the effect of added resistance on the 
d-c component is appreciable during the — 
first few cycles of fault current and further | 
reduces the total current value by the — 
time the contacts part. 

The relaying time and circuit breaker — 
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tact parting time at Coulee total about 
25 cycles. The tests with the faults at 
tower show a d-c component decay 
ter 2.25 cycles of fault current of ap- 
yximately 30, 57, 65, and 84 per cent 
pectively for added resistance of zero, 
,5, and 10 ohms per phase. This rela- 
on confirms the expectedreduction in the 
ult es ae at circuit breaker in- 
ption and would very appreciably 
duce the required rating of circuit 
reakers on the Coulee bus. On this 
asis, bus resistors could be utilized that 
uuld satisfactorily reduce the asym- 


. J. Lantz (Bonneville Power Administra- 
ion, Portland, Oreg.); The author of the 
discussion notes with interest the test veri- 
fication of the generator offset factor of 1.40 
at 2.25 cycles. This exact value was calcu- 
lated and used in 1945 for the effect of 
asyminetry for the Coulee generators. 

The limitation of fault current for circuit 
breaker duty reduction discussed by the 
author would be effective for both 8-phase 
and single-phase-to-ground faults; however, 
it should be kept in mind that if the re- 
sistance is placed in the powerhouse tie lines, 
less than 35 per cent of the total fault cur- 
rent is limited by the affected decrement, 
The balance of current comes from trans- 
mission lines and the powerhouse adjacent 
to the fault. It might be of interest to note 
the effect of normal fault resistance on the 
reduction of large magnitude single-phase- 
to-ground faults near Coulee, 

For the maximum future faults expected 
at Coulee, in the neighborhood of 12,500 
megavolt-amperes for 3-phase and 14,000 
megavolt-amperes for — single-phase-to- 
ground, the positive sequence system react- 
ance is approximately 4.2 ohms and the zero 
sequence system reactance is approximately 
3.2 ohms or the total system reactance to a 
single-phase-to-ground fault would. be ap- 
proximately 11.6 ohms. Since the fault re- 
sistance, namely the tower footing re- 
sistance, is multiplied by three, normally low 
footing resistance will have a pronounced 
effect on the system fault impedance. One 
mile of transmission line neglecting fault re- 
sistance and the overhead ground wires 
would decrease the maximum fault by 
about 26 per cent. Beyond that point, the 
full value of tower footing resistance would 
become effective in reducing the fault mag- 
nitude, Within the ground wire area, the 
tower footing resistance value would be 
paralleled with the resistance of the two 
overhead ground wires back to the essen- 
tially zero ground mat resistance, The 
average resistance of the ground wire is 
approximately 1.7 ohms per mile per con- 
ductor. This would effectively short circuit 
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metrical fault that the circuit breakers 
would be required to interrupt. How- 
ever, it was found that the characteristics 
of the copper alloy conductor would pre- 
vent its usage in this instance in that the 
conductor temperature would be prohibi- 
tive under heavy load conditions and the 
presently installed 10,000,000-kva circuit 
breakers are considered adequate for the 
Grand Coulee Power Plant. 
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capacitance effect, as well as to obtain more 
adequate grounding of the overhead wires, 
The isolation of the steel transmission line 
towers, with their individual counterpoise, 
would appreciably reduce the capacitance 
effect of the Coulee grounding system 
and defeat the purpose of the recent connee 
tion in this reapeet, 
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Synopsis: As a logical step in the trend to- 
ward achieving a minimum oil content but 
still retaining the advantages of the time- 
proved dead-tank construction a new 230- 
kv circuit breaker built around a novel de- 
sign of tank has been developed. The extra 
volume of oil which contributes nothing to 
the insulation nor to the efficiency of the 
circuit breaker in interrupting performance 
has been eliminated and the required 
amount of oil reduced to the point where 
simplified methods of oil handling and 
maintenance procedures are possible. De- 
sign tests on the circuit breaker prove its 
adequacy in meeting design standards and 
extensive High Power Laboratory tests 
reveal a superior performance in interrupt- 
ing fault and line-charging currents. The 
quantity of oil used and the design of the 
contacts is such as to permit a number of 
fault interruptions without maintenance 
operations. 


VERYONE familiar with the use of 

high-voltage switching equipment 
is familiar with the tremendous strides 
that have been made over the last few 
years in reliability, speed of operation, 
and interrupting ability of large outdoor 
oil circuit breakers. Also well-known, but 
perhaps not so widely publicized is the 
fact that this tremendous improvement 
in operating characteristics has been ac- 
companied by a very startling reduction 
in the amount of oil required in the circuit 
breakers. This reduction of quantity of 
oil required is most noticeable in the 
highest voltage circuit breakers. The 
over-all effect of these development trends 
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is an increase in efficiency in the use of the 
oil, and a reduction in maintenance ef- 
fort, the extent of which can be appre- 
ciated by considering the kilovolt-am- 
peres interrupted per gallon of oil which, 
in the 230-kv class has increased by a 
ratio of 11-to-1 in a period of 10 years. 
This accomplishment is graphically illus- 
trated in Figure 1. 

The first step in this tremendous im- 
provement was made approximately ten 
years ago with the development of the 
multiflow deion grid which made possible 
the reduction in tank size for a 230-kv 
circuit breaker with 196-kv insulation 
from 108 inches to 78 inches at the same 
time that the interrupting capacity was 
raised from 2,500,000 to 3,500,000 kva. 
Further improvement in these deion 
grids to meet the demand for more inter- 
rupting ability has resulted in a design 
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Figure 1. Comparison of 230- 

kv oil circuit breaker tank sizes 

over the past 10 years showing 

the reduction in oil content 

with increase in interrupting 
rating 
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capable of interrupting 7,500,000 and 
even 10,000,000 kva in this size tank. } 

The second step was the development 
of the circuit breaker described in this 
paper which has gone further in reducing 
the amount of dead space oil by a radical 
redesign of the tank. This takes a shape 
roughly resembling that of a watch 
case. ; 

The more conventional round tank, of 
course, represents close to the ultimate in 
mechanical strength but considering a 
cross section of such a circuit breaker it is 
obvious that a considerable volume is oc- 
cupied by oil which serves no purpose 
from the standpoint of insulation or aid- 
ing in the interruption process. A tank 
with an elliptical cross section and 
straight vertical sides eliminates some of 
this useless space but is inherently weaker 
and still contains a considerable amount 
of excess oil. 

To improve the strength of the elliptical 
tank and effect a further reduction in oil 
the new design was developed. The 
first design of the new tank consisted of a 
bottom section made up of two formed 
domes welded together to form a watch 
case-shaped container. One edge of the 
container was cut off and an oval cross- 
sectioned extension attached to form the 
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Figure 2. Model of early design of new tank 
shape 


upper part of the assembly, providing a 
base for the condenser bushings, current 
transformers, and pole unit levers. 

A scale model, Figure 2, of a modifica- 
tion of this form was made and studied 
from the standpoint of appearance and 
ease of manufacture. As a result of this 
study a further modification was made re- 
sulting in the present form as shown in 
Figure 3. This consists essentially of a 
bottom section formed by welding to- 
gether two halves of a single dome and 
attaching thereto a conical-shaped mem- 
ber of elliptical cross section which tapers 
upward to enclose the bushing current 
transformers, pole unit levers, et cetera, 
with a minimum of waste space. This 
design obtains mechanical strength from 
the inherent stiffness of the dome sections 
comprising the bottom, and from a slight 
increase in thickness of the steel and 
readily withstands, without deformation, 
the same hydrostatic pressure test of 150 
pounds per square inch that is made on 
conventional design tanks. 

Figure 4 shows the new tank superim- 
posed on the equivalent round tank and 
gives a good idea of the amount of excess 
volume that was eliminated. The quan- 
tity of oil required in the new design has 
been reduced to the point that oil main- 
tenance and handling equipment can take 
the form of truck-mounted portable 
equipment, whereas formerly permanent 
storage and handling facilities were re- 
quired at each location. 

It is obvious that the new tank form 
reduced the amount of space available for 
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workmen to assemble and adjust the con- 
tacts. In this voltage rating, however, 
there remains sufficient room for this 
operation and a removable wooden floor 
provides a stable platform on which work- 
men can operate. However, this condi- 
tion does impose a practical limitation on 
the minimum size of circuit breaker to 
which this general design may be applied, 
experience showing that the present ap- 
plication represents about the lower limit. 
Preliminary design work has been done to 
apply this development to higher voltage 
circuit breakers. 

Laboratory and field development tests 
on high interrupting capacity circuit 
breakers emphasized the necessity for ade- 
quate initial contact acceleration during 
the opening stroke. The required ac- 
celerating forces are provided by a con- 
ventional accelerating spring operating 
on the horizontal pull rod, individual 
springs located in the pole unit lever 
mechanisms and contact loading and 
similar springs in the deion grids. The 
total of these forces imposes a considerable 
load on the operating mechanism which is 
taken care of by building into the operat- 
ing linkage a sufficient mechanical ad- 
vantage to overcome this load. This is 
accomplished in the pole unit lever system 
and in the bell crank shown in Figure 5, 
which are both of somewhat novel design. 
By providing a considerable portion of 
this mechanical advantage, especially at 
the closed position, in the bell crank and 
by keeping to a minimum the mass of 
parts at this point, fullest advantage of 
the opening accelerating forces is ob- 


Figure 3. New design 230-kv 7,500,000-kva 
oil circuit breaker set up for standard shop 
verification tests 
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Figure 4. New design 230-kv 7,500,000-kva 

oil circuit breaker superposed on round-tank 

circuit breaker of comparable rating showing 
regions of excess oil eliminated 


tained. The efficiency of this combined 
system is indicated by the lift rod travel 
obtained three cycles after energizing the 
trip coil which is 10 to 20 per cent more 
than that found to be required by inter- 
rupting tests. 

Electrical clearances in the first circuit 
breakers manufactured were designed to 
meet a special 825-kv impulse level, which 
is lower than the 900-kv level generally 
accepted as the standard for general ap- 
plication on a solidly-grounded 230-kv 
system. Voltage tests, both 60-cycle and 
impulse, were satisfactorily completed 
with an indication that with little modi- 
fication other than a change in bushings 
the 60-cycle and impulse-withstand volt- 
ages corresponding to the 900-kv level can 
be met. 

The circuit breaker is equipped with 
the latest refinement of the multiflow de- 
ion grid similar to that used in the 10,000, 
000-kva circuit breakers installed at 
Grand Coulee and described in detail in 
other Institute papers, specifically the 
Leeds-Friedrich paper! and the Darland- 
Clagett-Leeds? paper presented at the 
1951 Summer General meeting. A cross 
section of the grid is shown in Figure 6. 

The operating mechanism is a standard 
pneumatic device designed to give 3- 
cycle interrupting performance under all 
operating conditions and also to provide 
the ultimate in reclosing speed. Figure 7 
is a timing test showing reclosing in 13.6 
cycles. When specified, the control can 
be arranged to provide adjustment in the 
reclosing time between 15 cycles and 40 
cycles. 

Other new features worthy of note are 
an oil conserving dash pot which permits 
tripping the circuit breaker without oil in 
the tanks, a new compression seal where 
the current transformer secondary leads 
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come out of the tanks, Figure 8, and 
right- and left-hand thread adjustment of 
the horizontal pull rods between poles for 
ease of adjustment. 

Satisfactory results were obtained in de- 
sign tests made to conform to the re- 
quirements of recognized standards.® 
These tests included the 60-cycle and im- 
pulse overvoltage tests previously re- 
ferred to, a temperature test at rated cur- 
rent which showed that the reduction in 
oil volume had not impaired the current- 
carrying ability, an extensive life test, 
and a thorough check of interrupting 
ability in the High Power Laboratory. 
Well over 2,000 operations were made 
during the life test which included the 
following: 


J. Timing tests under all conceivable types 
of operation. 

2. One hundred fifty operations with high- 
speed reclosing. 

3. One hundred fifty trip-free operations 
with full air pressure and the tripping im- 
pulse timed to coincide with the making of 
the circuit breaker contacts. 


4. One hundred fifty additional trip-free 
operations with full air pressure and the 
tripping impulse initiated when the circuit 
breaker lift rods were three-quarters of an 
inch from making the contacts. 


Numerous timing tests were made at 
various times during the life test to 
verify the consistent performance of the 
breaker, 


High Power Laboratory Interrupting 
Tests 


Several extensive series of fault inter- 
rupting tests were made to demonstrate 
the ability of the circuit breaker to per- 
form in a completely satisfactory manner 
comparable with the more conventional 
round-tank type of circuit breaker. A 
complete 3-pole circuit breaker assembly 
was set up in the High Power Laboratory 
at Hast Pittsburgh as shown in Figure 9 to 
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Figure 5 (above). Section view BREAK 
through top portion of new 
design circuit breaker showing 
bell crank, accelerating spfing 
and straight-line pole unit lever 


system 
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Figure 6 (right). Section view 
of multiflow interrupter show- 
ing pressure-generating gap at 
top driving oil into the orifice 
structure surrounding the inter- 
rupting break. Wents pass 
gases out front and back at 
levels between the inlet chan- 
nels. At the bottom a spring 
driven annular piston provides 
supplementary oil flow for 
positive interruption of low 
currents 


PISTON 


verify the excellent performance pre- 
viously shown by a single pole unit of 
practically identical construction during 
development tests. Data from these 
tests are summarized in Tables I to IV. 

Practically restrike-free performance 
was obtained on capacitor switching tests 
simulating the interruption of line charg- 
ing current which is typical for the multi- 
flow deion grid. As shown in Figure 6 
the oil-driving pump at the lower end of 
the interrupter serves to augment flow 
from the pressure generating break on 
such relatively low current. 

Pole number 1 of the 3-pole circuit 
breaker was tested to the maximum 
capacity of the laboratory with the full 
line-to-neutral voltage of 132 kv applied 
to the terminals. Following several rela- 
tively low current and three duty cycle 
interrupting tests at currents from 2,170 
to 8,590 amperes, a high power test at 132 
kv was made with the interrupted current 
measuring 12,100 amperes. This value of 
current was obtained by setting for 
maximum asymmetry of the current wave 
and tripping the test circuit breaker prior 
to fault initiation to cause the instant of 
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contact parting to occur during the first 
cycle of short circuit current. The oscil- 
logram of this test, in which the inter- 
rupting time was 2.60 cycles, is shown in 
Figure 10(A). The power interrupted is 
the equivalent of that involved in a 3- 
phase fault of 4,800,000 kva at 230 ky. 
The. interrupting rating of the circuit 
breaker was verified by applying the full 
power of the laboratory at approximately 
one-half normal line-to-ground voltage 
across the half-pole unit. Pole number 2 
was tested with one interrupting unit 
shunted out of the circuit and 66-kv-to- 
ground applied to the other unit. Duty 
cycle tests were made with symmetrical 
short-circuit currents up to a maximum 
of 13,900 amperes. By pretripping the 
circuit breaker and making the current 
wave asymmetrical, 21,250 amperes, 
Figure 10(B), were interrupted in a total 
time of 2.30 cycles. This is the equivalent 
of a 3-phase fault of 8,500,000 kva at 230 
kv or 13 per cent above the circuit 
breaker rating. 2 

To demonstrate the mechanical ade- 
quacy of the tank shape under shock load- 
ing accompanying the interruption of ex- 
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Table |. Heavy Duty High Power Laboratory 
Interrupting Tests’ on Three-Pole Circuit 
Breaker 
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tremely high fault currents, an asym- 
metrical pretripped test with 44 kv ap- 
plied to half the pole unit was made in- 
terrupting 28,900 amperes in 2.25 cycles 
corresponding to a 3-phase fault of 11,500, 
000 kva or more than 50 per cent above 
the circuit breaker rating. This oscillo- 
gram is shown in Figure 10(C). Justifica- 
tion of testing at two-thirds normal line- 
to-ground voltage under laboratory condi- 


Figure 7. 
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Table Il. 198-Kv Factor-of-Safety Tests 
Interrupted Interrupting 
Test Current Time 
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tions of high rates of rise of transient 
recovery voltage and with overshooting of 
this transient to values comparable to 
those obtained under field conditions has 
been explained previously in the paper by 
Leeds-Friedrich.!. The results of this 
test conform with those obtained earlier 
on the single-pole unit which was sub- 
jected to the mechanical shock accom- 
panying the interruption of more than 
30,000 amperes at 44 kv on a single in- 
terrupter. On this test the interrupting 
time was 2.7 cycles. The accompanying 
liberated are energy represents very 
nearly the maximum to be expected at 
these currents with the type of inter- 
rupter unit with which this circuit breaker 
is equipped. Careful measurement of the 
stresses set up in the tank walls indicated 
values only a fraction of the safe limits for 
the material. The external demonstration 
accompanying such high power tests ap- 
peared to be somewhat less than that ex- 
perienced with round-tank circuit break- 
ers under similar test conditions, the only 
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Oscillogram showing 13.6-cycle reclosing timing test 
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Table Ill. Overvoltage Tests—Half Pole 
Number 2—Number 4 Terminal 
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evidence of the tremendous power handled 
being swinging of the cables and a moder- 
ate ground shock. This is further borne 
out by the fact that on the test involving 
more than 30,000 amperes several 0.5- 
inch diameter bolts varying in length 
from 1 to 3 inches placed on end on the 
top of the tank remained standing 
throughout the circuit breaker operation. 
There is some reason to believe that the 
shape of the bottom of this tank is con- 
ducive to minimizing the effect of the 
downward traveling pressure shock wave 
produced in the oil by the rapid liberation 
of arc energy. 

Measurements indicated that notwith- 
standing the reduced volume of air above 
the oil available as expansion space for the 
oil displaced by the rapidly growing gas 
bubble, the instantaneous pressures in the 
oil accompanying interruption are com- 
parable with those experienced in the 
round-tank circuit breaker of similar 
rating but of much greater air space. 

Several high-speed reclosing tests were 
made at both 66 and 44 ky on one-half 
of Pole number 2. One test at 44 ky in- 
volved currents of 18,600 and 17,900 am- 
peres with a reclosing time interval of 
14.2 cycles. As indicated in Figure 11 
both symmetrical fault currents were 
nearly 100 per cent of the standard duty 
interrupting capacity indicating a com- 
fortable margin over that required by the 
standards.? Table I presents the data ob- 
tained on the 3-pole circuit breaker on the 
132-, 66-, and 44-kv tests. 


Table IV. 230-Kvy 3-Phase Ungrounded 
Fault Tests 
Interrupted Interrupt- 
Current, ing 
Test Rms Time, Interrupted 
No. Amperes Cycles Mva 
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Figure 8, 


of leads 


Following this run of high-power tests 
on one-half of pole number 2 another ad 
vantage of the reduced oil content was 


demonstrated, namely; The rapidity 
with which the oil can be removed and 
contact parts inspected, This entire 


operation required approximately 25 
muntites Lo complete, 

The condition of the single interrupter 
tests at 66 and 44 kv 


totaling over 67,000,000 kya is shown in 


involved in the 


several photographs made after the tests 
were completed, Considering the ap 
pearance of the econtaets and plate as 
sembly, it is evident that a considerably 


preater integrated power could be 
handled by the unit before replacement 
of parts subject to 


erosion would be 


Necessary Measurements indicated a 


loss of approximately 15 per cent of the 
contact arcing material due to burning, 
The appearance of the lower tip of the 
intermediate contact is 


and the lower 


shown in Tpgure 12, igure 13 presents 
the condition of the fiber piates removed 
from the geetion surrounding the matn in 
lerrupling pap, Likewise, depreciation 
of the oil following this series of heavy 
current tests due to earhonization by the 
are had not progressed sufficiently to re 
quire 


rehabilitation or to impair the 


operating performance of the breaker, 
Factor of Safety Tests 


A series of interrupting tests were made 
with 198 kv applied across the terminals 
of a single pole to determine not only the 
performance of the cireuit breaker tinder 
5-phase fault conditions in whieh the first 
phase to clear is subjected to 87 per cent 
of line-to-line voltage but to cheek the 
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Section view through top portion of new design oil circuit 
breaker showing location of current transformer and details of connection 


effect of the gas bubble on the insulation 
of the cireuit breaker, This data is sub 
mitted in ‘Table II, 


value from 170 to 4,510 amperes were in 


Currents ranging in 


terrupted in 3.0 eycles or less in all cases, 
The recovery voltage following each of 
these tests was not removed from the cir 
cuit breaker until 5 seconds after inter 
ruption oceurred, thus demonstrating the 
clearances found in this form-fitting tank 
to be entirely adequate during the period 
in which the gas bubble accompanying 
interruption is located in the electrostatic 
field 
Murther proof of this facet was obtained 
for currents up to the current rating of the 


between live parts and ground, 
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Figure 9. New design 230-kv 7,500,000 kva-oil circuit breaker set up 
for fault interrupting tests in the High Power Laboratory 


circuit breaker by a special test connec- 
tion in which 132-ky-to-ground was ap- 
plied to the circuit breaker for several 
seconds immediately following an ex- 
tremely high-current interruption at re- 
duced voltage. 


Overvoltage Interrupting Tests 


Increased interest among system-oper- 
ating people in the problem of out-of-step 
switching led to the series of tests given in 
Table III. Calculations of dynamic volt- 
age appearing across a tie circuit breaker 
under the most unfavorable conditions 
have indicated maximum values appre- 


Figure 10, High Power Laboratory tests on 230-kv 7,500,000-kva circuit breaker 


(A) 


132-kv 12,100 amperes single-pole equivalent to 3-phase 230-kv, 4,800,000 kya 


(B) G6-kv 21,250 amperes half pole equivalent to 3-phase 230-kv 8,500,000 kva 
(C)  44ckv 28,900 amperes half pole equivalent to 3-phase 230-kv 11,500,000 kva 
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Figure 11. 
breaker opening 18,600 amperes at 44 kv across a half-pole unit equivalent to a 3-phase fault of 
7,400,000 kva at 230 kv 


ciably above the generally accepted two 
times normal even for solidly-grounded 
systems. Voltages as high as 176 kv-to- 
ground were applied to the half of pole 
number 2 previously shunted out of the 
circuit. This voltage represented over 
two and one-half times the normal voltage 
for a single interrupting unit equivalent 
to 352 ky across a full pole. To simulate 


field conditions, the circuit was partially 


Figure 12. View of contacts removed from 

interrupter after series of fault interrupting 

tests totaling over 67,000,000 kva showing 
excellent condition of arcing tips 


Figure 13. View of fiber plates removed from 

interrupter after series of fault interrupting 

tests totaling over 67,000,000 kva showing 

the minimum amount of erosion of the orifice 
plates 
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Oscillogram of 14.2-cycle reclosing duty test on 230-kv, 7,500,000-kva circuit 


damped with parallel resistance to limit 
overshooting of the recovery transient to 
approximately 20 per cent. Following a 
check test at 132 kv and 140 amperes, 
currents of 179 to 5,490 amperes were in- 
terrupted within three cycles after trip- 
ping. These interruptions were made at 
approximately 30 per cent of the current 
rating of the circuit breaker. On the 
highest power test the maximum crest 
voltage was 288 ky, representing 21 per 
cent overshoot above the peak of the 168 
ky (rms) normal frequency recovery 
voltage. Even under this extreme condi- 
tion, equivalent to a recovery voltage 
peak of 576 kv across a single pole the 
circuit breaker cleared the circuit in only 
2.6 cycles. 


Three-Phase Tests 


It seemed |desirable to utilize this un- 
usual opportunity to make 3-phase tests 
at 230 kv up to the full power available. 
Accordingly, a number of 3-phase un- 
grounded fault interruptions were made. 
The data from the oscillograms given in 
Table IV shows that a maximum of 
2,750,000 kya was interrupted in 2.9 
cycles with a current of 6,900 amperes 
measured in Phase 1, Figure 14. This is 
believed to be the highest power 3-phase 
test ever made on a 230-kv circuit breaker 
in either the laboratory or field. 

Inspection of the interrupting units 
made subsequent to these tests showed 
them to be in excellent condition and 
capable of additional fault interruptions. 
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Conclusions 


1. A novel form of high-speed, high- 
voltage, dead-tank type of oil circuit 
breaker has been developed culminating a 
period of intensive development over the 
past ten years. An increase in the ratio of 
interrupting rating to oil volume of more 
than 11l-to-1 has accompanied this de- 
velopment. This has been accomplished 
not only by considerable improvements in 
the interrupter unit itself described in 
previous papers!~? to the Institute but 
also by the new form-fitting shape of the 
tank so designed as to eliminate regions 
of excess oil, particularly around the 
bushing flange and at the sides and below 
the interrupters. 

2. The minimum clearances of the 
round tank ate maintained so that the 
new form passes successfully all voltage 
tests required of the more conventional 
shape. Likewise, the circuit breaker per- 
formed satisfactorily on all standard de- 
sign tests including temperature rise at 
rated current in a manner comparable 
with the more conventional round-tank 
type. 

3. The 7,500,000 kva interrupting 
capacity of this oil circuit breaker was 
demonstrated with considerable margin 
by 3-phase tests at 230 kv to 2,750,000 
kva, single phase tests at normal line-to- 
ground voltage of 132 kv to the 3-phase 
equivalent of 4,800,000 kva, by half-pole 
tests at 66 kv to 8,500,000 kva, and by 
factor-of-safety half-pole tests at 44 kv to 
a maximum fault current corresponding to 
11,500,000 kva. 


Figure 14. Oscillogram of 230-kv 3-phase 

ungrounded fault test on 230-kv 7,500,000- 

kva circuit breaker opening a maximum of 

2,750,000 kva with a current of 6,900 amperes 
measured in phase one 


1695 


4. It has been shown that the closely- 
fitting tank shape is entirely adequate to 
sustain the pressure shocks accompanying 
interruption of currents well above the 
rating of the circuit breaker and pos- 
sibly serves to reduce the external dem- 
onstration by virtue of the curvature of 
the tank bottom. 

5. Adequate insulation even during 
the period in which the gas bubble re- 
sulting from the arc is located in the elec- 
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trostatic field is evidenced by overvoltage 
tests with the voltage maintained across 
the circuit breaker terminals for con- 
siderable lengths of time following inter- 
ruption. 

6. The circuit breaker performance 
was shown to be entirely adequate to 
handle out-of-phase switching situations 
up to more than 25 per cent of its current 
interrupting rating at more than twice 
normal line-to-ground voltage. 


No Discussion 
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Switching of Large Shunt Capacitor 
- Banks for 15-Kv Service by 
Compressed Air Circuit Breakers 


B. P. BAKER 


Yee A we 


CONOMICAL operation of large 

power systems, emphasizes the im- 
portance of reducing to a minimum the 
generation and transmission of reactive 
power. Currently, this is being accom- 
plished by using capacitor banks, up to 
25,000 kilovars at voltage up to 34.5 kv. 
These may be applied either direct to 
low-voltage systems or to high-voltage 
systems through a tertiary winding of a 
high-voltage power transformer. The 
' normal variation in system power re- 
quirements, usually results in switching 
the larger capacitor banks on and off the 
line several times per day. In addition 
to the frequency of operation which is 
often necessary, the unusual switching 
requirements have developed a demand 
for circuit breakers with operating per- 
formance which is generally not found in 
standard powerhouse circuit breakers. 


Circuit Breaker Requirements 


Circuit breakers for the large capacitor 
banks should not only be capable of per- 
forming many thousand switching opera- 
tions with low maintenance, but they 
must be capable of developing dielectric 
strength across the arcing space very 
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rapidly once the interrupting process has 
started. Also they must be capable of 
withstanding sudden surges of current, 
that is, sudden changes in current after 
the contacts are parted on opening and 
before they are closed on the closing 
stroke. 


Circuit Breaker Performance 


In order to switch these capacitors with- 
out producing overvoltages which might 
cause overstressing or breakdown of 
system insulation, the circuit breakers are 
required to interrupt leading currents 
over the entire range and under all kinds 
of circumstances without restrikes and 
with only a limited number of reignitions. 
Reignitions are defined as the initiation 
of current flow after the arc has been ex- 
tinguished for a period of 1/4 cycle or less 
of the fundamental frequency, These 
re-establishments of current produce no 
overvoltages, or damaging effect on the 
circuit breaker or connected apparatus. 
Restrikes are defined as the initiation of 
current flow after the are has been ex- 
tinguished 1/4 cycle or more. These re- 
establishments may produce unnecessary 
and damaging overvoltages as will be dis- 
cussed later. 

When a circuit breaker interrupts the 
flow of current through a circuit, the 
success of the are extinction process de- 


Ly 
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pends upon a race between the rate at 
which the interrupter can develop di- 
electric strength between its contacts and 
the rate at which the constants of the cir- 
cuit permit voltage to reappear across the 
contacts. On single-phase circuits con- 
taining inductance only, the maximum 
voltage of approximately twice crest of 
the fundamental wave is applied in a 
matter of microseconds. In many break- 
ers this results:in re-establishment of the 
arc following the first one or two current 
zeros. Conditions following each re- 
establishment repeat rather faithfully and 
are not affected by previous re-establish- 
ments, so that ultimately the arc is ex- 
tinguished with overvoltages which are 
almost entirely a function of the circuit, 
at least almost independent of the strug- 
gle the circuit breaker has had in accom- 
plishing interruption. 

In the case of a leading current, the 
initial arc extinction is exceedingly easy 
in that the maximum restored voltage is 
not reached until 1/2 cycle later. How- 
ever, if the restored voltage produces re- 
establishment of the current after it has 
been zero for more than 1/4 cycle, the 
voltages begin to exceed normal and each 
succeeding restrike tends to become worse 
due to the residual effect of preceding re- 
ignitions. 

The following are some of the factors 
which affect restrikes and reignitions: 


Circuit breaker characteristics 


1. Dielectric strength of arc path at time 
of current zero. 

2. Rate of development of dielectric 
strength of arc path, following current zero. 


If the interrupting effort is incapable of 
developing dielectric strength very rapidly 


Figure 1. Simple single phase circuit showing 

power source circuit breaker C, load capacitor 

bank, C, line capacitor bank and circuit 
inductance 
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Figure 2 (left). 
Circuit interrup- 
tion with no re- 
ignition or no re- 


strike 
V = Voltage 
across circuit 
breaker 


E,=Voltage on 
load capacitor 
bank after inter- 


ruption 
Vi, V, Vs, in- 
dicate several 


possible rates of 
recovery of di- 
electric strength 
across the inter- 
rupter following 
arc extinction 


, 


following the first current zero, methods 
must be devised to obtain only slight effort 
at the current zero. Likewise, if an inter- 
rupter develops appreciable effort quickly, 
it must follow through with rapidly increas- 
ing effort. Thus any re-establishment of 
current after a given zero will result in an 
early reignition rather than a delayed re- 
strike. Contact speed and the control of 
deionizing agents in the interrupter are the 
determining factors. 


Circuit characteristics 
1. Operating voltage. 
2. Size of capacitor load bank. 


3. Size of capacitor line bunk. 


4. Inductance and its distribution in the 
circuit. 


5. Short circuit kilovolt-ampere capacity. 


Capacitor Switching Theory 


The theory relating to switching of 
capacitor bank, cables and long trans- 
mission lines has been the subject of a 
number of papers.’”* However, a brief 
review seems desirable in order to cor- 
relate the circuit breaker characteristics 
with its requirements. Assume for sim- 
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Figure 3(A) (left). 
Reignition at t, 
on Figure 2. Not 
followed by an 
immediate inter- 
ruption 


plicity, a circuit as shown in Figure 1, 
consisting of a single phase source, a line 
inductance L;, a line capacitance Cy, 
which may be either a capacitor bank, bus 
cable or transmission line, an additional 
inductance Ly, the circuit breaker, an- 
other inductance L; and the load bank 
C2 which is to be switched. Normally C 
will be small and ZL; will constitute most 
of the circuit impedance, so that, before 
7 in Figure 2 is interrupted, the voltage 
é, at the bank C, will be greater than the 
voltage ¢, at the source, by the rise in 
voltage due to the leading current flowing 
in the inductance L; and Ly. As soon as 
7 ceases to flow at time 4 this voltage 
difference disappears and ¢, collapses to- 
ward e with a transient whose frequency 
is determined by C, and Ly. Generally 
this is very fast having a frequency in the 
order of 10 ke. However, if C; is a capac- 
itor bank, comparable in size to C, this 
frequency may be reduced to a few hun- 
dred cycles. In either case ¢, is reduced 
and e, which before current zero was equal 
to ¢; now represents the voltage on the 
capacitor side of the circuit breaker, 

As is well understood the voltage ap- 
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Figure 3(B). Reignition at t; on Figure 2. 
Followed by interruption after 1/2 cycle 
oscillatory frequency 


CURRENT SURGE — i 


Figure 3(C). Restrike at t, Figure 2. Fol- 
lowed by interruption after 1/2 cycle of os- 
cillatory frequency 


pearing across the circuit breaker is the 
difference between the voltage left on 
the bank C, and the instantaneous values 
of voltage represented by es as controlled 
by thé source and circuit constants. It is 
therefore apparent that the voltage across 
the circuit breaker terminals on a single 
phase circuit increases rather rapidly at 
first during the first half cycle of the 
oscillation frequency then more slowly 
and finally reaches a maximum of ap- 


Figure 4. Three-phase schematic system 
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proximately twice the source voltage, 
1/2 cycle of the system frequency after 


are extinction. The course of this re- 
covery voltage is affected very little by 
the circuit breaker characteristics, but is 


_ almost entirely a function of the circuit 


characteristics. 

On the other hand the rate at which the 
arcing space recovers its dielectric 
strength is almost entirely a_ circuit 
breaker function. If this rate is repre- 
sented by V; in Figure 2, it is apparent 
that the voltage may exceed the dielectric 
strength either at ¢, on the transient or at 
ts; on the fundamental. The former as 
shown in Figure 3(A) would constitute 
an unnoticed and harmless reignition. 
The latter would be a reignition with a 
1/4 cycle current pause which would be 
generally harmless, and if interrupted in 
1/2 cycle of the oscillatory frequency as 
shown in Figure 3(B), would leave no 
extra charge on the capacitor except it 
would have its polarity reversed. If the 
dielectric recovery rate is represented by 
V2 Figure 2, a restrike would occur at 4 as 
shown in Figure 3(C). In this case 
prompt interruption following the re- 
strike would leave a higher charge on the 
bank C,. This type of reignition results 
in a tendency toward voltage pyramiding 
and sometimes in insulation failure. If 
the dielectric recovery rate follows line 
V3 Figure 2, the operation is normal, 
satisfactory and contains neither reigni- 
tions or restrikes. If fast dielectric de- 
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Figure 5 (left). 
Switching —_ unit 
with air supply 
and 15-kv, 1,000 
megavolt ampere 
1,200 - ampere 
compressed air 
circuit breaker 


Figure 6 (right). 
Oscillogram of 
close - 


open 
operation on lab- 
oratory test at 
15.5-kv, 19,100 
kilovar, 110 
pounds per 


square inch op- 


Figure 7 (right). 
Oscillogram of 
close - 


open 
operation on lab- 
oratory test at 
15.5-kv, 19,100- 
kilovar, (GUE! 
pounds per £1 CORSENT 


square inch op- 
erating pressure 


velopment is difficult to obtain following 
the first current zero or small contact 
separation it is desirable to have the 
first interruption result in a prompt reig- 
nition some time between f; and fz. This 
will depend on the amplitude and fre- 
quency of the transient. This in turn de- 
pends on the following: 


1. If C the line capacitance is increased, 
the frequency of the oscillation is decreased 
and the correspondingly lower initial rate 
of rise of the recovery voltage may cause the 
are to remain extinguished for a short period 
“and to reignite before the crest of the voltage 
of system frequency is reached. 


2. Even though the presence of a line 
capacitance makes early reignitions less 
likely and thus increases the tendency to 
restrike, the restrikes generally produce less 
overvoltages because the equalization of the 
capacitor voltages reduces the amplitude 
of the following voltage transient. 


3. The amplitude of the transient varies 
directly with the source inductance and the 
time to the peak of the transient varies as 
the square root of the inductance, conse- 
quently the average rate of rise of voltage 
varies directly with the square root of the 
source inductance. Therefore, the smaller 
the inductance the less the tendency to 
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reignite the arc on the initial rise of the 
recovery transient and the greater the 
tendency to restrike later. This emphasizes 
that demonstrations on capacitor switching 
ability of circuit breakers should be made 
on circuits having short circuit kilovolt- 
amperage, at least as large’ as expected in 
service. 


Three-Phase Switching 


In the preceding discussion and in 
Figure 2 it was pointed out that single- 
phase capacitor switching without re- 
striking resulted in double crest voltage 
across the circuit breaker contacts in 1/2 
cycle after arc extinction. 

Three-phase restrike-free switching is 
similar except for slightly different volt- 
age shifts. In the usual circuit as shown 
in Figure 4 with the source neutral 
grounded and the bank neutral un- 
grounded, the first phase to clear (A) 
causes a voltage of 2.5 times line-to- 
ground crest voltage to appear across the 
breaker terminals A-D, 1/2 cycle after A 
clears. Assuming that B and C clear 1/4 
cycle later, the voltage across the circuit 
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Figure 8 (above). 
test at 15.5-kv, 19,100-kilovar, 110 pounds per square inch operating 


pressure. 


Figure 9 (left), 


Oscillogram of close-open operation on laboratory 


Circuit adjusted to give large fifth harmonic} “4 


Oscillogram of close-open operation on field test 
where one 12,600-kilovar load bank was switched against a 15,300- 
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Ea-n PT. 


I, L-30 


‘Ep-n P.T. 


Ip L-30 


Ec-n P-T. 


Ic L-30 


Ey-c PT. 


kilovar line bank at 13.8 kv 


breaker terminals B- and C-F reaches 
1.87 times line-to-ground crest in 2/3 and 
5/6 eycles respectively after A clears, de- 
pending upon phase rotation. If, how- 
ever, an improbable situation exists and A 
opens and B opens 1/4 cycle later and for 
some reason C remains conducting, AD 
will reach 4.12 times line-to-neutral crest 
in 7/12 cycles after A clears and BE will 
reach 3.46 times line-to-neutral crest in 
3/4 cycles after A clears, 

All other circuit conditions fall within 
this range, 


High Current Surges 


Capacitor switching not only produces 
wide swings in voltage but also sudden 
surges in current which may constitute 
If these 
sudden current changes occur when the 
contacts are closed, no harm is done, but 


the greater of the two hazards. 


if the current suddenly increases in an are 
gap which is confined by an incompres- 
sible medium, large and disrupting forces 
may result, Oil circuit breakers using 
confined arcing spaces have been known 
to be damaged before the sudden release 
of energy can open normal venting chan- 
nels, while in air circuit breakers the 
arcing chamber is partially surrounded by 
compressible material or at least provided 
with air-filled vents capable of 
taneous pressure release, 

When de-energizing a bank there are no 
appreciable current surges unless there is 
a restrike or reignition, in which case the 
equalizing current between the two banks 
through a relatively small inductance can 
reach a value comparable to the power 


instan- 
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source faults, with rates of current rise 
approximately a hundred times greater 
than that of a power fault. With such a 
restrike the rate of current rise is not only 
great but it may occur 1/2 cycle after a 
short arcing period, when the contacts are 
separated relatively far, during which, in 
the case of the oil breaker there would be 
a very small gas bubble available in the 
interrupter to absorb the explosive im 
pact. 


15-Kv, 1,000-Megavolt Ampere, 
1,200-Ampere Compressed Air 
Circuit Breaker 


Figure 5 shows a switching unit which 
has been giving very satisfactory perform- 
ance on large capacitor banks. It con- 
sists essentially of an indoor compressed 
air circuit breaker and its air supply 
system housed in a weatherproof metal 
enclosure. The enclosure is equipped 
with condenser bushings and current 
transformers which make it a complete 
switching package. The front of the 
unit as shown has five weatherproof doors. 
The three upper doors open into the three 
separate phase compartments which 
house the interrupters, contacts and all 
parts operating at high potential. The 
two lower doors when open expose the 
operating mechanism, air valves, control 
panel and all parts operating at ground 
potential. In the rear of the unit there 
are two doors which open into the com- 
partment housing the air supply system 
consisting of a small compressor and an 
auxiliary air storage reservoir. 

The circuit breaker itself is essentially 
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a standard 1,000-megavolt ampere 15-ky, 


1,200-ampere compressed air circuit 
breaker‘ except that the air inlet to the 
operating mechanism was enlarged to in- 
crease the opening speed of the contacts 
from about 12 to 16 feet per second and 
another shock absorber was added to de- 
celerate the contacts to minimize shock 
for highly repetitive service. The design 
of the circuit breaker followed conven- 
tional lines which has been proven to be 
very satisfactory, that is, the air reser- 
voir, operating mechanism, blast valves, 
control panel and all parts operating at 
ground potential are located in the lower 
compartment. Above that and in sepa- 
rate compartments are all parts which are 
at line potential, such as the blast tube, 
contacts, all current-carrying parts, oper- 
ating rods and the interrupters. Above 
this is an expansion chamber for re- 
ceiving all the exhaust gases from the in- 
terrupters, before they are harmlessly re- 
leased into the atmosphere. The straight 
line flow of air from the bottom to the top, 
that is, from the reservoir through the 
blast valve, blast tube, interrupter, 
coolers and into the expansion chamber 
has been found to be satisfactory. Also 
there appeared to be no need for increas- 
ing the operating pressure above its 
normal 150 pounds per square inch or for 
adding shunting resistors as is sometimes 
done with circuit breakers which restrike. 

The operating mechanism consists of a 
single, cylinder and piston, somewhat 
directly connected to an operating shaft. 
To this shaft are connected the three con- 
tact operating rods, the three blast valves, 
shock absorbers and indicating devices. 
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Air for operating the mechanism is con- 
trolled by electropneumatic pilot valves 
and pneumatic relay valves, one set for 
applying opening air to the top of the 
cylinder and one set for applying air to the 
bottom of the cylinder for closing. Dump 
valves and interlocks permit normal 
speed opening operations, immediately 
following, closing. 

The moving contacts are hinged at the 
lower end and rock back and forth into 
and out of engagement with finger-type 
stationary contacts. The are is drawn 
across the upper end of the air blast tube, 
substantially perpendicular to the plane 
of the fiber splitters. Here the arc is 
caught between the air blast and the in- 
sulating splitters which permits rapid de- 
ionization of the are space immediately 
following current zero and consequently 
development of dielectric strength faster 
than the circuit can apply voltage to the 
circuit breaker terminals. The rapid in- 
crease in dielectric strength is the result 
of: (1) enhanced de-ionization resulting 
from air turbulence; (2) rapidly increas- 
ing contact separation due to high contact 
speed; (3) elevated dielectric strength of 
deionized air due to blast air pressure. 


Laboratory Tests 


As final verification, one of these 
switching units was set up at the High 
Power Laboratory and subjected to a 
series of 63 tests. All tests were on a 3- 
’ phase basis with line-to-line voltage 


Figure 10. Oscillogram of close-open operation on field test switching 
On this test there was one re- 


a 25,260-kilovar bank at 13.8 kv. 
ignition 
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varied between 13.8 and 15.5 kv and 
leading currents ranging from 210 to 
over 710 amperes, giving a maximum 3- 
phase power equivalent of 19,000 kilovars. 
The tests were all close-open operations 
and generally made in groups of three. 
At the beginning of each group of .three 
tests the circuit breaker air reservoir was 
raised to 150 pounds per square inch, and 
the valve between it and the compressor 
reservoir closed. The first test generally 
dropped the pressure to 130 pounds per 
square inch and the second to approxi- 
mately 112 pounds per square inch. AlI- 
though the circuit breaker was designed 
for only two operations per reservoir of 
air, it was given a third operation as a 
factor of safety test. Usually there was 
an appreciable time interval between 
groups of tests but very little time be- 
tween tests in the same group. There- 
fore, the capacitor bank was generally 
discharged for the first close-open opera- 
tion but for the other two operations the 
circuit breaker closed into a charged bank 
of capacitors. During the first 42 tests 
the power supply came through a trans- 
former with a grounded Y with external 
impedance sufficient to limit the fault 
current to 5,000 amperes at 13.8 kv. 
For the remainder of the tests, the trans- 
former was connected in delta with the 
current limited to 13,200 amperes at 
13.8 ky. With this circuit there was no 
connection to ground potential except 
through capacity dividers used for poten- 
tial measurements. 


Figure 11. 
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During the first 51 tests at 13.8 kv and 
currents between 210 and 625 amperes, 
there were no restrikes or reignitions. 
The remainder of twelve operations were 
made at overvoltages up to 15.5 kv and 
currents up to 710 amperes corresponding 
to 19,000 kilovars. During one of these 
tests at 15.5 kv, the oscillogram of which 
is shown in Figure 6, there was one re- 
ignition on one phase where the current 
re-established after an outage of almost 
1/4 cycle. Although recognized capac- 
itor switching specifications permit two 
reignitions per operation, it is believed 
that this one is not entirely random, but 
associated with the 12 per cent overvolt- 
age and the diminished rate of develop- 
ment of dielectric strength caused by sub- 
normal reservoir pressure which de- 
creases the rate of contact separation and 
air pressure between the contacts. It may 
be noted that two and one-half cycles 
after the final interruption there is a 
shift in the recording.elements. This 
is due to a flashover on one of the capac- 
itor elements which had been working at 
double its voltage rating. Figure 7 is an 
oscillogram of a typical operation on a 
system consisting of a grounded Y power 
source and an ungrounded Y-connected 
capacitor bank. 

Figure 8 is an oscillogram of a typical 
operation on a system consisting of an un- 
grounded delta power source and an un- 
grounded. Y-connected capacitor bank 
where the ratio of the kilovars of the bank 
to the kilovolt amperes of the system was 


Oscillogram of close-open operation on field test switching 
a 25,260-kilovar bank at 13.8 kv, without reignitions 
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Figure 12. Oscillogram of opening operation on field test switching 
a 25,260-kilovar bank at 13.8 kv with one phase of the bank shorted 
to neutral 
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Figure 13, Oscillogram of opening operation on field tests switching a 

25,260-kilovar bank at 13.8 kv with one phase of the bank shorted to 

neutral. On this test the protective gap in parallel with an unshorted 

phase flashed on the closing surge, resulting in a phase-to-phase fault 
with the third phase connected through the bank 


such as to cause considerable fifth har- 
imonie current to flow, Since the ampli- 
tude of this harmonic was an appreciable 
percentage of the fundamental, the fre- 
quency with which the current passed 
through zero was increased several times. 
Consequently, opportunities for are ex 
tinction were offered more frequently at 
very short contact separations, During 
these tests the current was interrupted 
zeros not corre 


many times on current 


sponding to the fundamental zero, 


Field Tests 


A rather comprehensive set of tests was 
made on this circuit breaker at the J. D. 
Ross Substation of the Bonneville Power 
Administration on Mebruary 7, 8, 9 and 
10, 1950. The 
was to prove the circuit breaker's per- 


purpose of these tests 
formance under operating conditions and 
verify results obtained in the laboratory, 

The test circuit consisted essentially of 
a 3-phase power transformer bank 230 
kv to 115 kv having tertiary windings 
capable of delivering a 750-megavolt am- 
pere fault, These windings were con 
nected in delta 13.8 kv line-to-line and 
used exclusively for the capacitor banks. 
The capacitor banks were Y-connected 
but ungrounded, ‘The power source was 
connected to the capacitor banks through 
the test breaker and suitable back-up cir- 
cuit breakers by overhead bus circuits not 
exceeding 200 feet total length. The 
distance is probably somewhat greater 
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than would normally be encountered in 
most installations, 

The of instrumentation and 
recording apparatus is indicated by the 


amount 


traces on the oscillograms (Iigures 9, 
10, 11, 12 and 13). The tests were sched- 
uled in groups of six close-open (energiz- 


_ ing and de-energizing) operations each, 


Wach group consisted of one operation 
as a check to see that all records were cor- 
rect and then the five remaining tests 
were made without air replacement by the 
compressor, At the beginning of the five 
tests the circuit breaker reservoir was at 
150 pounds per square inch and the sup- 
ply unit 
square inch, 


reservoir at 250 pounds per 
At the end of the fifth test 
both reservoirs were down to 150 pounds 
per square inch, 

lor the first group of six tests a 12,600- 
kilovar capacitor bank was energized and 
then de-energized after 14 cycles. This 
delay was deliberate in order to eliminate 
any effect due to harmonics resulting from 
closing transients. All operations were 
entirely satisfactory without restrikes or 
reignitions, 

For the second group of six tests the 
12,600-kilovar load bank was switched 
against a 15,300-kilovar bank floating on 
the bus side of the breaker, Again all 
tests were satisfactory and without re- 
strikes or reignition. Figure 9 showing 
the last test of this group is typical. 
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On the third group of tests where a 
25,260-kilovar bank was switched, the 
oscillogram as shown in Figure 10 indi- 
cated that the first operation Test 0 had 
one reignition with a current outage of al- 
most 1/4 cycle on phase C. There was no 
external evidence of this reignition and 
the restored voltage across phase A of the 
circuit breaker shows only a little more 
than the normal displacement. Actually 
the maximum voltage reached as a result 
of this reignition is less than that ap- 
pearing on the same phase of the next 
test which was reignition free. For com- 
parison, the oscillogram of this test is 
shown in Figure 11. 

On the fourth group of tests the 25,260- 
kilovar load bank was switched against a 
15,300-kilovar bank floating on the bus 
side of the circuit breaker. In this group 
all tests were satisfactory and without 
restrikes or reignitions. The oscillo- 
grams taken on these tests were very 
similar to that shown in Figure 9 from 
Sroup 2. 

On the fifth series of tests the 25,260- 
kilovars bank had one phase B of the bank 
(8,420 kilovars) shorted to neutral, with 
no capacitors on the bus except for the 
25-kilovar units for transformer protec- 
tion, f 

The first three opening tests were en- 
tirely satisfactory without restrikes or 
reignitions, even though the voltage 
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across and circuit breaker in A phase rose 
to 3.5 times the line-to-neutral voltage 
and the currents increased from 1,100 am- 
peres for the balanced system to 2,200, 
3,780, and 2,200 amperes respectively as 
shown in Figure 12. 

Figure 13 is an oscillogram of the fourth 
test in this series. On this test the pro- 
tective gap in parallel with A phase of the 
bank, flashed on the closing surge. This 
placed a phase-to-phase fault on the cir- 
cuit breaker with the third phase C con- 
nected through the bank. The current 
through these phases rose to 13,400 and 
13,800 amperes respectively, which was 
cleared by the test circuit breaker with- 
out incident. 


Following these scheduled tests it was 
decided to make 71 more close-open 
operations on the normal 25,260-kilovar 
bank without oscillograms to bring the 
total to 100. From external appearances 
these tests seemed to be entirely satis- 
factory. Following these, two more tests 
were made with oscillograms for com- 
parison with those taken earlier but no 
change in circuit breaker performance 
could be detected. 

An examination of the circuit breaker, 
its interrupter and contacts showed no 
deterioration and indicated that the cir- 
cuit breaker was in excellent condition to 
go into service. 

A number of these switching units have 


now been in service for over a year, and 
are giving satisfactory performance. 
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Discussion 


E. J. Harrington (Bonneville Power Ad- 
ministration, Portland, Oreg.): As men- 
tioned by the author this circuit breaker was 
tested at one of the substations of the 
Bonneville Power Administration. Since 
that time nine of these circuit breakers have 
been placed in service and 11 more will soon 
be installed. Field performance has been 
very satisfactory so far and maintenance is 
very low. 

Asa result of this field experience and the 
above mentioned tests this discusser would 
not hesitate to switch capacitor banks of 
30,000 kilovars with this circuit breaker. 
It is believed that it is entirely capable of 
switching even larger banks, say up to 
50,000 kilovars, if its current rating would 
so permit. 

In general, our experience indicates that 
air-blast circuit breakers such as this are 
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more satisfactory for capacitor switching 
duty than oil circuit breakers of present de- 
sign. 

In an oil circuit breaker a prestrike on 
closing if accompanied by a heavy surge of 
current, generates pressure in an incom- 
pressible medium which transmits this pres- 
sure to the interrupting chambers and can 
result in damage to these members. On 
opening, a restrike, if it occurs, is generally 
in a gaseous medium which tends to absorb 
the shock, but if additional capacitor banks 
are connected to the same bus, the current 
inrush to the switched bank can generate 
pressure at such a rate that the gas cushion 
cannot prevent severe damage to the inter- 
rupting chambers and possible explosion of 
the circuit breaker. We have had several 
instances of such damage on our system. 

In the case of circuit breakers such as 
described by the author, prestrikes and re- 
strikes, if they should occur, have very little 
chance of producing pressures that would 
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result in damage to the circuit breaker 
mechanism. 


B. P. Baker: The author appreciates Mr. 
Harrington's frank and complimentary dis- 
cussion. 

We concur with his belief that the circuit 
breaker is capable of switching capacitor 
banks up to 50,000 kilovars. In this case 
the current would exceed the normal rating 
of the contacts by about 75 per cent, which 
is more than can be expected from a most 
conservative rating. However, an increase 
in current carrying capacity can be obtained 
without sacrificing interrupting integrity. 

The liberal extrapolation from 25,000 to 
50,000 kilovars, which Mr. Harrington 
made, does not appear to be hazardous in 
that high-frequency current surges of great 
amplitude cannot build up damaging pres- 
sure waves in an open-type air-filled inter- 
rupter. 
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military and civilian use 
energy have resulted in a large scale de- 
mand for instrumentation to measure 
radiation of a radioactive nature resulting 
from atomic explosions or being inherent 
in laboratory or manufacturing opera- 
tions. 

Much has been written about the ef- 
fects of radioactive radiation on persons 
and structures. Since this type of radia- 
tion cannot be detected by the human 
senses, potential hazards of great magni- 
tudes may exist. Proper instrumentation 
can greatly reduce the exposure to these 
hazards, 

It is not the purpose here to discuss all 
the possible types of instruments re- 
quired. Instead, consideration will be 
limited to those instruments which will be 
required in considerable quantities by 
large numbers of individuals who might 
be exposed to radiation in either military 
or civilian capacity. For instance, those 
required to enter a contaminated area for 
rescue or maintenance work must have a 
ready indication of exposure to radioac- 
tive radiation. Since magnitudes of al- 
lowable exposures have beer established, 
it is possible for personnel to work maxi- 
mum periods without deleterious effects. 

The instruments previously developed 
for laboratory use are too large, expensive 
and complicated for widespread personal 
use, and furthermore they are more ac- 
curate than necessary. Consequently 
attention has been given to the design of 
an inexpensive device for such applica- 


rapid developments in the 
of atomic 
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Electrostatic Radiation Monitors 


A. A. LAHTI 
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tion which can be used repeatedly with- 
out being consumed and provides a visual 
direct reading. 

The instrumentation for monitoring 
radioactive radiation falls into two func- 
tional classes, namely: 


1. Instruments for measuring accumulated 
doses, these instruments frequently being 
referred to as dosimeters. 


2. Instruments for measuring instan- 
taneous rates or. intensities of radiation. 


The following discusses the various 
considerations involved in the design of 
two dosimeters of vastly different sensi- 
tivities. 

In the design of a dosimeter to fit 
civil defense and large scale military re- 
quirements many factors have to be taken 
into account. The instrument should 
be: 


Simple to operate. 
Reliable. 

Small and lightweight. 
Inexpensive. 


Readily readable at low light levels. 


SONAL“ a I a 


Able to withstand severe environmental 
conditions of temperature, humidity and 
altitude. 


7. Capable of being stored indefinitely 
without deterioration. 


8. Independent of wave length or energy 
of gamma radiation. 


9. Self-contained without requiring acces- 
sory equipment for charging or reading. 


10. Made of materials which will not be- 
come unpredictable sources of radioactivity 
if subjected to high rates of radiation. 


Intensity of radiation at any given time 
or the total amount received over a period 
of time, is determined by measuring the 
amount by ionization produced in free 
air. This method of measurement is so 
fundamental that it is the basis for the 
definition of the R, or Roentgen unit. In 
general terms an R is that amount of 
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radiation which will cause unit ionization | 
of a unit volume of air. This ionization — 
can be measured by decrement of charge 
of a capacitive system. 

The method chosen to measure the dec- — 
rement of charge and still meet the prac- 
tical requirements mentioned above is’ 
based upon the fundamental design of an 
electroscope. To review briefly the 
theory of such a device, consider an elec- 
trometer as a variable capacitor with a 
mechanical torque system included tend- 
ing to maintain the system at a minimum ~ 
capacity. At any deflected position, 0, — 
the mechanical and electrostatic torques — 
must be in equilibrium, or 


ou 


I 
of 


where 


M,=torque moment 

K =spring constant 

6=angular deflection of spring 
U=energy in capacitive system 


The electric energy in a capacitive system — 
is: 


2 
u=1/cvimt,S 


where 


C=capacity 
V =voltage 
Q=charge 


By differentiating and combining terms 


Le 70 Come O20 © 
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6= 


An examination of this equation will 
disclose the fundamental parameters of — 
design of an electrometer of suitable sen-— 
sitivity. For high sensitivity it is ap- 
parent that the spring employed be soft, 
that the total capacity be minimized and 
that the rate of change of capacity be 
maximized. For low sensitivity it is not 
practical to increase the stiffness of the 
spring since this would result in too great 
a voltage increase. However, capacity 
can be readily increased to produce 
lowered charge sensitivity. 

If the capacitive electrometer is stiit- 
ably enclosed it becomes an integrating 
ionization chamber of dosimeter, After — 
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Exterior view, 200-milliroentgen 


Figure 1. 
dosimeter 


| 
; 


| this system is initially charged and is 
subjected to radiation the system is dis- 
charged by ionization of the contained 
air. Thus the electrometer indicates 
radiation. 

There are many means of establishing 
the initial charge in the electrometer 
system, but here the choice is greatly 
limited by the design requirements al 
ready covered. A simple friction charger 
appears to meet these requirements in the 
most satisfactory manner. Through the 
selection of materials which have high 
triboelectric potential 
good physical characteristics, it is pos 
sible to produce a sufficient charge with 
very little mechanical effort. 

An embodiment of the previous dis- 
cussion pertaining to a high sensitivity in- 
strument is shown in Figure | showing an 
instrument based on a fundamental design 
of Dr, Charles Lauritsen of the California 
Institute of Technology. It is a high 
sensitivity dosimeter with a full scale 
range of 250 milliroentgens. It is small, 
being the size of a package of cigarettes. 
It is lightweight, weighing about 11/4 
ounces, 

It is charged by pulling out the knob 
and operating as if winding a watch. 
The charge is indicated by a pointer and 
‘scale visible through the window. 

Figure 2 depicts the same instrument 
with the cover removed and placed up- 
side down, The case, including cover, is 
dyed, injection molded polystyrene. This 
material has been chosen for four reasons: 


differences and 


1. Itisa very low loss material electrically, 
thus making possible insulators integral 
with the case, 


2. It is inexpensive, easy to mold and di- 
mensionally stable, 

8. It contains nothing but hydrogen and 
carbon atoms, thus making it least likely to 
become a source of radioactivity if subjected 
to high neutron bombardment. 


4, It can easily be sealed, thus making 
possible hermetic enclosure, 
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Figure 2. 


Interior views, 200-milliroentgen 
dosimeter 


The inside of the case, including cover, 
is coated with colloidal carbon for the 
following reasons: 


1, To form one electrode of the capacitive 
system, 

2. To prevent the retention of residual 
charges on the inside surfaces, 


The window is clear polystyrene coated 
on the inside with a molecular 
gold or beryllium, This coating is again 
used to prevent residual charges from ac 
cumulating, 

The pointer assembly consists of a 
lightweight pointer mounted on a stall 
rotating on jeweled bearings. Two op 
posed hairsprings are used to reduce the 
effect of temperature, The jewels are 
mounted in wells used to contain high 
viscosity silicone oil for damping pur 
poses. A stop prevents the pointer from 
touching the attractor plate and thereby 
discharging the movement, 

This attractor plate is attached to the 
desiccant holder on the cover, while the 
repeller, also made of aluminum, is at 
tached to the movement, 


therefore at the same potential as the 


The repeller is 


needle at all times, 

On the right side is the charging mech- 
with the winding knob 
pulled out for charging purposes, About 
a full turn completely charges the mecha 


anism shown 


Intetior view, 150-Roentgen dosim- 
eter 


Figure 3. 


film of 


nism a little beyond the ‘zero’? on the 
scale, An “0” ring serves as a seal on the 
shaft to prohibit the entrance of moisture 
or dirt. When the knob is pushed in the 
charging mechanism is grounded and its 
charge is lost, thereby reducing total 
charge in the system, This causes the 
needle to drop back to zero reading. 
The instrument now is ready to be dis- 
charged through ionization as a result ot 
radiation to which it might be subjected. 

A trimmer capacitor attached to the 
indicating mechanism mount is provided 
to permit adjustment of sensitivity at the 
time of manufacture, This assures equal 
sensitivity range of instruments, 

Largely through the use of polystyrene, 
cleanliness in manufacture, and the use of 
a desiccant, the instrument has an ex 
tremely low leakage of less than 10 per 
cent of full seale in 24 hours. This cor- 
responds a leakage resistance of about 
10" ohms, Linearity of the device is ex- 
tremely good, 

In order to make a low sensitivity in- 
strument of around 150 Roentgens, 
several basic changes have to be made, As 
previously mentioned, lower charge sensi 
tivity can be attained most readily by the 
addition of fixed capacity, ‘Thus it re 
quires more ionization, hence radiation, 
to cancel out the same percentage of full 
scale charge, Assistance in the same 
direction can be secured by reducing the 
effectively 
ionization 


ionization volume, thereby 
diminishing the amount of 
from equal radiation, 

Kigure 8 shows a 150-Roentgen unit 
with cover removed, The pointer as 
sembly is identical with that used on the 
250-milliroentgen unit, but it is hidden 
from view by carbon-coated polystyrene 
baffles used to reduce effective ionization 
volume, A 0,0025-microfarad capacitor 
can be seen mounted on the repeller, It 
is an extremely low loss component, 
having a leakage resistance of approxi 


mately LO! olimes, 


Figure 4, Exterior view, charging mechanism 
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Interior view, charging mechanism 


Figure 5. 


Because of the charge requirements of 
this system the simple charger used in the 
250-milliroentgen unit is no longer ade 
quate. Hence, an accessory charger must 
be used which is coupled to the dosimeter 
by means of a coaxial connector, ‘This 
connector is designed to preclude the in 
advertent discharge of the instrument. 

The charger for the above-described 
unit is also an electrostatic device in order 
to provide a unit with unlimited shelf life. 
Figure 4 shows the assembled unit, and 
Figure 5 the unit with the base removed. 
The which 
matches the dosimeter and will fully 
charge the instrument in 5 seconds by 
turning the handle at a moderate rate. 


charger has a connector 


Figure 6 shows the dosimeter and charger 
engaged. 

In order to understand the principle of 
operation, reference is made to Figure 7. 

A friction generator (1) applies a charge 
to a stator plate (2), This in turn in- 
duces a charge on the rotor plate at (3), 
this charge being drawn from system 
ground. Ags the rotor rotates clockwise, 
this ground connection is broken while the 
rotor plate is still meshed with the stator, 
hence the charge remaing on the rotor. 
When this rotor plate reaches the output 
brush (4) the charge will be transferred 
to the load, the amount of charge trans 
ferred following standard capacitive dis 
tribution laws. 

In the case of a counterclockwise rota 
tion, the charged rotor plate is discharged 
at (5) before reaching the collecting posi 
tion, 

When this uncharged plate reaches 
the collector, it will be at zero charge and 
hence will draw charge from the load, 
Hence, we have accomplished a system 
capable of both incrementally charging 
and discharging a capacitive load. 

This unit will provide energy at ap 
proximately 200 tnicrowatts, enough to 
keep a N/-51 bulb lighted. The voltage 
is limited only by the load. The charger 
is hermetically sealed and contains a 
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150-Roentgen dosimeter being 
charged 


Figure 6. 


desiccant. Consequently, it has an un 
limited shelf life. 

Rate meters premised on similar prin 
ciples to those used in these dosimeters 
developed, 


can be The technique of 


measurement, and therefore the me- 
chanics of the ‘rate’ system are, however, 
somewhat more complex, 

To review, the definition of the Roent- 
gen unit states that a unit rate (R per 
second) obtains when the ionization in a 
unit volume of air causes a unit current, 
Thus if we devise a method of measuring 
the ion current in a known volume, we 
will have an indication of radiation rate, 

Consider the system diagrammed in 
Figure %, The functions are blocked for 
functional blocks 
ionization-chamber-ty pe 
meters already in use, 


convenience, These 


exist in rate 
The innovations 
suggested here are in the detail methods 
proposed for making possible a self-con- 
tained unit of unlimited shelf life. 

The ionization chamber employed is an 
enclosed volume with two electrodes for 
collecting the ions. The indicator is an 
electrostatic voltmeter which is used to 
ineasure the voltage drop across a cur- 
The 
source is an extremely low loss 


rent metering resistor, voltage 
“tank” 


capacitor (C-1) energized periodically by 


Figure 7, Schematic diagram, electrostatic 


generator 


INPUT (MECHANICAL) 
= 


pa 


OUTPUT 
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um 


‘i 
an electrostatic generator (H-1) of the 
type previously shown in Figure 7. 


As the system irradiated, ion currents 


will flow across C-2 (ionization chamber) 


and M-1 (electrostatic voltmeter). As- 
suming for the moment that the entire 
system is at uniform pressure, and com- 
posed of similar materials, these currents 
will be proportional 
volumes of C-2 and M-1 and to the rate 
of radiation. As these currents flow in 
the same direction, their difference is the 
current flowing through R-1, Hence the 
voltage drop (V,) across R-1 is: 


V, =1, R= (Le —Im)R = K p(Vole Volm)R 
or 


V;, 


pe KR(Vole—Volm) 


where 


p radiation rate 

V,= voltage across R-1 (and therefore M-1) 

K san ionization constant dependent upon 
materials and geometry 

R= resistance of R-1 

Vol. effective volume of ionization cham- 
ber 

Volm @ effective 
voltmeter 


volume of electrostatic 


The fundamental parameters are rather 
lor radiation sensitivity to be 
high the voltage sensitivity of the elee- 
trostatic voltmeter also must be high, 
the metering resistor must be of high 
ohmage, the effective equivalent volume 
of the ionization chamber must be large 
and that of the electrostatic voltmeter 
must be small. 

As a wide range is desired in one in- 
strument, consideration has been given 
to the use of an electrostatic voltmeter 
with non-linear voltage response, that is, 
high sensitivity at low voltages and vice 
versa. This obviates to a degree the 


obvious. 


Figure 8, Schematic diagram, radiation rate 
meter 
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disparity in reading error inherent in a 


linear scale. 


_ The instruments described do not ex- 


‘haust the field of radiation monitors. 


_| The sensitivities mentioned are not limit- 


‘ing. Of course certain compromises be- 


tween great sensitivity and small volume 
must be made. 

There are undoubtedly other equally 
interesting practical applications of elec- 
trostatic devices. The systems outlined 
are merely isolated examples of the poten- 


Magnetic Amplifiers of the Balance 


Detector Type—Their Basic Principles, 


Characteristics, and Applications 
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Synopsis: At first two special problems 
concerning magnetic amplifiers for self- 
balancing d-c potentiometers and d-c bridge 
networks are specified. Numerous basic 
circuits of simple magnetic amplifiers prefer- 
ably utilizing feedback effects are classified 
and explained. Then different push-pull 
circuits of the balance detector type are 
described systematically. Some figures for 
single-stage and multistage amplifiers are 
quoted to indicate the performance ob- 
tained. Speed of response in magnetic 
amplifiers, the possibility of providing de- 
tivative feedback, and design procedure 
with respect to time lag are briefly con- 
sidered. 


T IS a well known fact that the most 

important progress made in electrical 
engineering during the past 30 years is 
due to a large extent to the successful use 
of electronic amplifiers, especially in com- 
munication circuits and control equip- 
ments. The introduction of electronic 
amplifiers in the field of electrical meas- 
urements and control problems made 
possible an efficient amplification of very 
small direct voltages such as produced by 
photoelectric cells, thermocouples, and 
radiation pyrometers. High-speed re- 
cording potentiometers using electronic 
servoamplifiers have been constructed.!~? 
Various kinds of electronic devices have 
been used for military purposes, for ex- 
ample: in gun control servomechanisms, 
in automatic aircraft pilots, and as radio 
aids to air and marine navigation. The 
Navy, especially, has numerous technical 
problems in which electronic amplifiers 
represent a very important part. 

However, two serious disadvantages of 
electronic amplifiers must be considered 
in practical applications. First, the life of 
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vacuum tubes used in electronic equip- 
ment is limited, and second, shocks or 
vibrations are dangerous to such tubes. 
Indeed, perfect operation of important 
military equipment can be hindered by 
the sudden failure of a vacuum tube, con- 
sequently, jeopardizing the success of a 
respective action. 

Furthermore, it is significant that in the 
field of d-c amplifier problems the elec- 
tronic amplifier tube represents a d-c 
measuring instrument of a very high re- 
sistance, especially fitted for the measure- 
ment or amplification of direct voltages 
in the order of 0.1 to several volts. This 
method, however, is unsuitable when only 
very small direct voltages of about 1 to 10 
millivolts are available. Therefore, in 
such cases, especially in high-speed elec- 
tronic recording potentiometers! * the di- 
rect millivoltage created by a thermo- 
couple or a radiation pyrometer is changed 
to an alternating voltage of proportional 
magnitude in a mechanical converter 
acting as a chopper or modulator. This 
alternating voltage may readily be am- 
plified by an ordinary a-c amplifier. As 
an a-c amplifier is inherently more stable 
than a d-c amplifier, it is comparatively 
easy to maintain a very constant adjust- 
ment of the system if a converter is used. 

In order to maintain the various ad- 
vantages introduced by suitable use of 
electronic amplifiers and to avoid, on the 
other hand, the serious disadvantages 
mentioned above, a tubeless amplifier has 
been developed in different countries: 
the magnetic amplifier, also called d-c 
controlled reactor, saturable reactor, and 
transductor, This amplifier consists of 
electric and saturable magnetic circuits so 
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tial utility of this branch of applied 
physics. 


No Discussion 


interlinked that a direct current controls 
the reactance of an a-c circuit. The mag- 
netic amplifier, being a real d-c amplifier 
containing no moving parts and not re- 
quiring any servicing, will be of great im- 
portance in future development of nu- 
merous technical fields offering rough 
working conditions. This amplifier will 
undoubtedly have extensive use chiefly in 
the electrical control of military equip- 
ment, in commerce, and for control of 
various manufacturing processes and 
automatic devices for private use. 


SPECIAL PROBLEMS FOR MEASURING AND 
CONTROL TECHNIQUE 


The author’s research activity in the 
field of magnetic amplifiers has been con- 
ducted toward the use of such amplifiers 
in the operation of self-balancing d-c 
potentiometers and d-c bridge networks, 
especially high-speed recording potentiom- 
eters making a permanent record of 
very small direct voltages created for 
instance by thermocouples, photoelectric 
cells, or radiation pyrometers. The 
general aim of this research work was re- 
placing the mechanical converter and the 
electronic a-c amplifier used in such high- 
speed recording potentiometers!~* by a 
special magnetic amplifier having polar- 
ized characteristics, high d-c sensitivity, 
and a great power gain. Therefore the 
main problem consisted in developing a 
“magnetic amplifier of the balance de- 
tector type’ having an extremely small 
drift rate and an output power sufficient 
for the control of a small reversing motor, 
which can be either a separately excited 
a-c motor of the induction-meter type or a 
d-c motor of the moving coil meter type. 

According to different special problems 
concerning d-c potentiometers or d-c 
bridge networks making available dif- 
ferent d-c input power values corre- 
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Self-balancing d-c potentiometer 
with a separately excited a-c reversing motor 
of the induction-meter type being controlled 


Figure 1. 


by a magnetic amplifier. This amplifier of the 

balance detector type must have a d-c input 

power of about 1 milliwatt, an a-c output 

power of about 1 watt, and a power gain of 
about 1,000 (first problem) 


sponding to full scale deflection of the re- 
cording mechanism two types of mag- 
netic amplifiers must be developed, in- 
cluding the following fundamental prob- 
lems. 

First Problem (Figure 1): A magnetic 
amplifier of the balance detector type 
operated from an a-c source of 50 or 60 
cycles per second, to be used for the con- 
trol of a separately excited a-c motor of 
the induction-meter type. This am- 
plifier must have a d-c input power of 
about 1 milliwatt, an a-c output power of 
about 1 watt, and a power gain of about 
1,000. 

Second Problem (Figure 2): A magnetic 
amplifier of the balance detector type 
operated from an a-c source of 50 or 60 
cycles per second, to be used for the con- 
trol of a d-c motor of the moving coil- 
meter type. This amplifier must have a 
d-c input power of about 1 microwatt, a 
d-c output power of about 10 milliwatts, 
and a power gain of about 10,000. 

This paper gives a treatise on the basic 
principles, characteristics, and applica- 
tions of these two types of magnetic am- 
plifiers based upon the use of special push- 
pull circuits. 


Basic Circuits of Magnetic 
Amplifiers 


These d-c controlled magnetic core 
reactor circuits‘! represent the basic 
arrangements of several magnetic am- 
plifiers of the push-pull type containing 
two balanced reactor systems preferably 
utilizing feedback effects. 


Circuits WiTHOUT FEEDBACK 


Circuits Without Bias 
The series circuit (Figure 3) consists of 
two separate and equally rated trans- 
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Figure 2. Self-balancing d-c potentiometer 
with a d-c reversing motor of the moving coil- 
meter type being controlled by a magnetic 
amplifier. This amplifier of the balance de- 
tector type must have a d-c input power of 
about 1 microwatt, a d-c output power of 
about 10 milliwatts, and a power gain of 
about 10,000 (second problem) 


former-like structures, preferably of the 
nickel-iron alloy ring core type, having 
series aiding connected load windings 
N, and series opposing connected control 
windings Ng, so that no induced voltage 
of the fundamental of the supply fre- 
quency can appear at the input terminals. 
The load windings N; are shown con- 
nected in series to a bridge rectifier across 
which is a load resistor R;. 

Some typical characteristics represent- 
ing results of measurements on small 
Orthonol!*-core reactors® are shown in 
Figure 4 and Figure 5. The actual or 
measurable current J; flowing in the load 
resistor R, is the resultant of two com- 
ponents: the exciting current component 
Ino which is practically independent of 
the control current J¢ and the load com- 
ponent J;¢ flowing in response to changes 
in control current J¢. Equal increments 
in control ampere-turns Ig¢Ng produce 
approximately equal increments in load 
component ampere-turns J;¢N; in the 
linear region of the characteristics. 
Thus, as Jz9 can normally be made very 
small compared with Jz¢ the following 
equation holds to a good degree of ac- 
curacy : 


IreNi=1I,N,=IcNe (1A) 
or 
I,/Ic=Ne/Nz (1B) 


There is a linear relationship between 
T;, and Ig. Over certain ranges changes 
in applied alternating voltage E and 
changes in load resistance R, have no ap- 
preciable effect upon the current gain 
1,/Ic, which depends only on the ratio 
of d-c to a-c turns. However, the char- 
acteristics described above are true only 
when the load current J; measured is ex- 
pressed in mean values over one half- 
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cycle. Therefore it is essential ‘that a 
moving coil instrument with a rectifier 
must be used. Instruments measuring 
rms values will not give same results. 

These very interesting facts can be 
used as a basic principle for the design 
of a so-called d-c instrument transductor™ 
to be especially applicated for the meas- 
urement of very large d-c values fh the 
range from 100 to 10,000 amperes, pref- 
erably employing a bar-type transformer 
construction. 

The Parallel Circuit: Alternatively, 
the a-c windings of the two reactor ele- 
ments may be connected in parallel as 
shown in Figure 6. The voltage across 
each element is then the supply voltage, 
and the number of turns NV; has had to be 
doubled. Here the ratio between load 
current J; and control current Jg is given 
by the equation: 


T1/Io=2XNe/ Ni (2) 


In practice the arrangement with a-c 
windings in series (Figure 3) is preferable 
for magnetic amplifiers because it has a 
lower time lag. But in special cases, for 
instance in the design of so-called direct 
voltage transductors” for the measure- 
ment of high direct voltages the parallel 
circuit has some advantages. 


Circuits with Bias 


Considering Figure 5, it is important 
to notice that the characteristics are sym- 
metrical about the J;,NV,-axis so that the 
polarity of the d-c terminals—the direc- 
tion of current flow in the d-e control 
windings Ng—will have no influence 
upon the operation of a simple saturable 
core reactor as shown in Figure 3 and in 
Figure 6. Such an arrangement, there- 
fore, represents a ‘‘nonpolarized’’ mag- 
netic amplifier which is unable to dis- 
criminate between positive and negative 
control currents J¢ in the d-c circuit. 

However, in practice it is necessary to 
obtain a ‘‘polarized’’ magnetic amplifier 


IL _ Nc 


Io SNE 


Figure 3. The series circuit 


AIEE TRANSACTIONS 


being influenced by changes in direction 
of the control current Zg. Such an opera- 
tion can be realized by using an additional 
d-c magnetization, a bias, of a preferable 
constant value. This bias-magnetization 
may be produced either by an additional 
direct current flowing in d-c windings or 
by a permanent magnet creating an ad- 
ditional d-c magnetization in the cores of 
the reactor elements.'® In special cases 
the use of permanent magnets for biasing 
purposes may have some advantages. ® 


Circuit with an Additional Bias Wind- 
ing: Figure 7 shows the circuit connec- 
tions of a polarized magnetic amplifier 
having an additional bias-winding sup- 
plied by a full-wave rectifier with an a-c 
Series resistor R,, and a d-c series resistor 
Rac. The polarizing or bias current J,= 
const X H produces an additional d-c mag- 
netization, which is independent of the 
d-c control magnetization produced by the 
control current J having a_ variable 
direction of current flow in the control 
windings Ne. 


Circuit Without an Additional Bias- 
Winding: Moreover it is possible to ap- 
ply the bias current [, directly to a simple 
common d-c winding acting simultane- 
ously as a bias-winding and as an ordinary 
control winding, as shown in Figure 8. 
In this case, however, the d-c series re- 
sistor Ra, shunting the common d-c wind- 
ing must be rated as to have a sufficiently 
high resistance value in order to avoid a 
considerable decrease of the control cur- 
rent action, 

Figure 9 representing a typical re- 
sponse characteristic of such an arrange- 
ment shows the load current J; as a func- 
tion of control current J¢ having either 
“positive’ or “negative” direction of 
current flow in the control windings Ng. 
The characteristic curve itself remains un- 
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changed and is shifted in a certain amount 
by the bias effect of the additional con- 
stant d-c magnetization. 


CIRCUITS WITH FEEDBACK 


It is possible to alter materially the re- 
sponse characteristics of a magnetic am- 
plifier through the use of feedback or 
similar equivalent effects. This is ac- 
complished by combining a portion of the 
output power with the input power: 
Using dry disk rectifiers an additional d-c 
magnetization, proportional to the al- 
ternating load current, will be produced, 
and also a respective additional d-c con- 
trol action. According to the use of feed- 
back effects in the field of vacuum tube 
amplifiers this additional input control- 
action of the output current J; may be 
either aiding or opposing to the control 
action of the input current Jg. If aiding 
control conditions are used, the feedback 
is “positive” or “regenerative.” How- 
ever, if opposing control conditions are 
used, the feedback is ‘“‘negative’”’ or ‘‘de- 
generative.” These feedback effects pro- 
duced either by ‘‘external feedback’’ or 
by ‘‘self-feedback’’ (also called ‘“‘self- 
saturation” and “‘self-excitation’’) of the 
d-c controlled magnetic core reactor ele- 
ments will be illustrated by the following 
considerations. 

There are different kinds of external 
feedback circuits and self-excitation cir- 
cuits. But in principle in all cases dry 
disk rectifiers are used for producing an 
additional d-c magnetization, propor- 
tional to the alternating load current, and 
a corresponding positive or negative feed- 
back effect. 


External Feedback Circuits (Full-Wave 

Type) 

Circuits Without Bias: Figure 10 
shows the series circuit of the external 
feedback type having special feedback 
windings Ny supplied by a full-wave 
rectifier and producing an additional d-c 


magnetization, which is proportional to 
the feedback current J, representing the 
converted load current J;. It is to be 
noted that the direction of direct current 
flow I» and of the respective additional 
d-c magnetization is always the same and 
especially not dependent upon the direc- 
tion of direct current flow Jc. This is 
true during both half-cycles. 

However, the resultant d-c control ac- 
tion will be greatly influenced by changes 
in direction of the control current Jg, the 
additional control action of the feedback 
current J, being either aiding or opposing 
to the control action of J, and conse- 
quently producing either positive (regen- 
erative) or negative (degenerative) feed- 
back. Therefore such an arrangement 
represents a polarized magnetic amplifier, 
as its operation will be influenced by 
changes in direction of the control current. 

Considering positive feedback and as- 
suming an ideal rectifier, the d-c ampere- 
turns assisting those provided by the 
control circuit will be 


Ip Np =1,Np (3) 


and the total d-c ampere-turns A 74, due 
to a control current Jc in the control 
windings Ne will be 


ATae=loNo+I1iNr (4) 


Substituting this for J¢Ng in equation 
1A and neglecting the very small exciting 
current component J;9 as before, we 
get 


IpNi=lcNe+IiNr (5) 
Therefore 

Ne 1 
Ty /1 ae 6 
ae tNp/ Ne Sy 


The current gain I;/J¢ has been increased 
in the ratio 1/(1—Ny/N;). 

In the case of negative feedback, how- 
ever, the d-c feedback ampere-turns 
I,Ny oppose to the d-c control ampere- 
turns I~ Ne, and we get 


| 
Figure 4 (left). Mean value 
of load current /;, as a function 
of supply voltage E with the 


control current Ic as a param- 


eter (N,=400, N-=1,000) 


AMPERES 


Figure 5 (right). Mean value 0. 


of load current I; as a function 
of control current Ic with load 
resistance R, as a parameter 


(N;, = 400, Nv =800) 


N_=400 MEAN VALUE OF LOAD CURRENT |, > 
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Figure 6, The parallel circuit 


Ip/lqm OX mms (7) 
Ny Lee Ne/ Ne 

The current gain /,//o is therefore re 

duced in the ratio 1/4 Nn/ Nz), 

In weneral, the efleets of exeiting eur 
rent Jpo on the characteristies are not 
negligible, When /p=0 the residual eur 
rent in the a-e load eireuit produces direet 
windings Na, 
which results in the load current being 
(han in the non 
(Wigure i) 
Higure 1) represents a typieal re 


current ino the feedback 
considerably preater 
feedback when 
[g=0) 
sponse charaeterise of @ magnetic am 
plifier with external feedback as shown in 
igure 10, 


winiplitier 


Crow with Bias: Relerring to Migure 
11 it is evident that with Jp=0 the load 
current /;, tas a certain value Je, whieh 
culled 


value or “O-eurrent,” 


may he the “quiescent current 
This value cor 
responds to the “quieseent point’ or 
“operating point QO" of a t-element 
vacuum tube, The magnitude of the 
quieseent current /g ia dependent upon 
(he sive of the saturable core reactor, 
magnede properties of the core material, 
mapgnitide of the applied alternating 
voltage 2, and ratio Ny/N,, The quies 
cent current /g las a comparatively high 
value whieh generally ia not desirable, 
However, it is possible to reduee Jy by 
waing a second additional dee magnet 
vation of a preferably constant value, 
whieh may he produced either by an 
additional direet current flowing in bias 
windinga or by @ permanent magnet 

Mipnve 12 shows the elrenit connections 
of a magnetic amplifier with external feed: 
hack having special binswindings Ny 
aupplied by a tullwave rectifier with an 
ae series reaiator Ayo and a dee series re 
alator Aan ‘Che auxiliary che etreutt ours 
rent J, = const 2 produces a second ad 


didional che tmagnetigation, which is op- 
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Figure 7, Circuit connections of 4 polarized 
magnetic amplifier with additional bias wind- 
ings 


? 


posing to the d-e magnetization produced 
by the feedback windings NV» and inde- 
pendent of the d-e control magnetization, 
igure 13 shows the response character- 
istie of such a biased feedback amplifier 
having a comparatively small quiescent 
current value Ja, 


Self Hyettation Civcuils (1alf- Wave Type) 


Cirewits with Additional D.C Windings: 
The basie cireuit shown in Figure 14 in- 
volving two half-wave dry disk rectifiers 
to provide the desired feedback effects 
produced by a special kind of self-satura- 
lion represents a polarized magnetic am- 
plifier of the half-wave type, There are 
(wo pulsating direct currents both pro- 
ducing d-e magnetization of the two re- 
actor elements, which is proportional to 
the average value of the load current Jy, 
It in to be noted that the additional con- 
(vol action of the d-e components of these 


Figure 9, Response characteristic of a biased 
magnetic amplifier; /),,=(lo) with N; = 400 
and Ny =800 
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Figure 8. Circuit connections of a polarized | 
magnetic amplifier without additional bias 
windings 


two pulsating currents will be either aid- 
ing or opposing to the control action of 
Ig and consequently producing either _ 
positive or negative feedback effect. The 
magnitude of this feedback effect depends 
upon the number of turns of the load 
windings N, and of the additional d-c — 
windings Ny. Here the current gain — 
I,/le is given by the equation 


Ne 1 
I1,/Ig=2X— X —— (3) 


N Na—2N. 
4. aur 


Na 

Figure 15 and Figure 16 show modi- 
fications of this self-excitation circuit. 
The number of turns Vp of the additional 
d-c windings determine the current gain 
I,/TIg according to equation 8, but Vy has 
no influence upon the magnitude of the 
alternating voltage 7 which can be ap- 
plied to the arrangement. 

Circuits with Additional A-C Windings: 
The current gain J,/J¢ of the self-excita- 
tion circuits with additional a-c windings 
Np» as shown in Figure 17 and Figure 18 is 
given by the equation 


Figure 10, External feedback 
circuit without bias 


N,=400 WEAN VALUE OF LOAI 
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Figure 11. Response characteristic of an ex- 
ternal feedback circuit without bias; |), = 
flo) with Ig = 300 milliamperes 


ee <———— (9) 
A 


| The number of turns Vp of the additional 
| a-e series windings has a certain influence 
upon the magnitude of the alternating 
voltage / which can be applied. 

Figures 19, 20, and 21 show further 
modifications of these circuits having ad- 
ditional cross-connected a-c windings Np. 
Here the current gain is 


2No 1 
io —— es 10 
t/le NatNa Na=Ny (10) 
NatNu 


The number of turns V, of the additional 

a-c windings has a certain influence upon 

the magnitude of the alternating voltage 
' E which can be applied. 

It is interesting to note that response 
characteristics of self-excitation circuits 
as shown in Figures 14 to 21 are in prin- 
ciple equivalent to corresponding re- 
sponse characteristics of the external 
feedback series circuit shown in Figure 10. 
Therefore it will be possible to use a bias 
current (Figure 12: J/,) supplying bias 


Figure 12. External feedback circuit with 
; bias 
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windings in order to reduce the magnitude 
of the quiescent current Jg without chang- 
ing the characteristic itself (Figure 13). 


Push-Pull Circuits of Magnetic 
Amplifiers 


JENERAL 


According to the two special problems 
described in the section on Special Prob- 
lems for Measuring and Control Tech- 
nique and illustrated in Figure 1 and 
Figure 2, a ‘magnetic amplifier of the 
balance detector type’ must have re- 
sponse characteristics of a real balance 
detector, as used in connection with self- 
balancing d-c potentiometers and d-c 
bridge networks. ‘Therefore the output 
current of such a device must correspond 
to the input current following balance de- 
tector response characteristics. 

Figure 22 illustrates three typical re- 
sponse characteristics being especially in- 
teresting in the field of magnetic am- 


0 
-60 -40 -20 
CONTROL CURRENT |,, MA 


Figure 13. 
ternal feedback circuit with bias: 
with lo =60 milliamperes 


Response characteristic of an ex- 


I, =f(Ic) 


plifiers of the balance detector type: 


“A” shows a linear characteristic curve, 
the output current-+/;, being exactly pro- 
portional to the input current =b/¢. 


“B”’ shows a nonlinear characteristic 
curve following a nearly linear law with low 
values of input current --/o, but having 
considerable, deviations with higher input 
current values, 

“C” shows another nonlinear character- 
istic curve having diminished steepness with 
low values of input current --/¢, but follow- 
ing a nearly linear law with higher input 
current values, 


It is to be noted that response charac- 
teristics, as illustrated in Figure 22 “A” 
and “B’”’ are very practicable, but that 
characteristics corresponding to ‘“‘C”’ are 
generally unsuitable. In principle, sensi- 
tivity of a balance detector must be es- 
pecially high with low values of input 
current and may be diminished with 
higher input current values. Therefore a 
characteristic curve, as shown in “C” 
must be considered as not practicable. 
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Figure 14. Self-excitation circuit with addi- 
tional d-c windings, type | 


Referring to the treatise of the basic 
circuits it is evident that these simple 
circuits, although having “polarized” re- 
sponse characteristics, cannot be used in 
connection with reversing motors as a 
balance detector amplifier. For with no 
control current (J7¢=0) the quiescent cur- 
rent Jg flows through the motor which 
will run at a certain speed. In fact a real 
balance detector amplifier must have a 
characteristic curve corresponding to the 
working conditions: J,=0 if I¢=0, as 
shown in Figure 22. 

In order to obtain magnetic amplifiers 
having such response characteristics the 
author” ~*4 devised some special types of 
symmetrical push-pull circuits which con- 


be N, I 
Io -' Na _Na-2 Np 
Ta 


Figure 15, Self-excitation circuit with addi- 
tional d-c windings, type Il 
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Figure 16. Self-excitation circuit with addi- 
tional d-c windings, type Ill 


tain two balanced saturable core reactor 
systems, both utilizing positive and nega- 
tive feedback. According to the two 
special problems previously described, 
the output current will be used for the 
control of a small reversing motor, which 
can be either a separately excited a-c 
motor of the induction-meter type (Figure 
1) or a d-c motor of the moving coil meter 
type (Figure 2). 


DIFFERENTIAL OUTPUT CIRCUITS FOR 
MacGnetTiIc AMPLIFIERS OF THE PUSH- 
PULL BALANCE DETECTOR TYPE 


Circuits for an A-C Load 


Circuit with Supply Transformer: Fig- 
ure 23 shows the equivalent circuit of a 
magnetic amplifier containing two equal 
d-c controlled saturable core reactor sys- 
tems connected in push-pull and a supply 


Figure 17. Self-excitation circuit with addi- 
tional a-c windings, type | 
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transformer 7's with center tapped second- 
ary. This type of network that fre- 
quently arises in either power or com- 
munication circuits is that of two a-c 
generators—voltages E, and E,—feeding 
a common load Zz, the impedances Z; and 
Z, representing the actual impedance 
values of these two reactor systems, which 
are functions of the control current I¢. 
With J~=0 the impedances Z, and Z, 
will be equal, and the alternating load cur- 
rent will be zero. But with a “positive” 
or ‘“‘negative” control current J¢, an al- 
ternating load current I,=I,’—J," will 
flow according to the response charac- 
teristics of the two reactor systems: 


2Z,—2L 


Sr Lies (11) 
Lilrzt(Zi+Z2) XZ 


In=EX 

Circuit with Load Transformer: Figure 
24 shows the equivalent circuit of a mag- 
netic amplifier containing two equal d-c 
controlled saturable core reactor systems 
connected in push-pull and a load trans- 


Figure 18. Self-excitation circuit with addi- 
tional a-c windings, type Il 


former 7, with center tapped primary, 
This differential transformer feeds the 
load impedance Z;, with a secondary cur- 
rent I;, corresponding to the difference of 
the two primary currents: 


I;,=const X(Jz’—Iz") (12) 


Circuits for a D-C Load 


In magnetic amplifiers of the balance 
detector type corresponding to the second 
problem (Figure 2) the effects of two 
direct output currents J,’ and I,” are 
superimposed in a differential arrange- 
ment, and the direct output current 
I,=I,'-L,” or I,=const x (I1’—I,") 
flowing through the d-c load corresponds 
to the control current J, with regard to 
magnitude as well as to direction of cur- 
rent flow. Therefore the resultant output 
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Figure 19. Self-excitation circuit with addi- 
tional a-c windings, type Ill 


current is duo-directional and is zero at 
zero input control current Ig. This prin- 
ciple is especially interesting, when several 
magnetic amplifier stages are to be con- 
nected in cascade. There are three types 
of differential output circuits and three 
corresponding methods for coupling push- 
pull multistage amplifiers. 


Series Mixing Circuit: Referring to 
Figure 25 the first method is superposi- 
tion of voltage drops Ep’ and Ep” in 
series resistors Rs proportional to direct 
output currents 7’ and I”. In order to 
find the direct load current components 
I,/ and J,” flowing through the load re- 
sistor R, according to superposition 
theorem each load current component 
will be considered separately: 


(13) 


Figure 20. Self-excitation circuit with addi- 
tional a-c windings, type IV 
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Figure 21. Self-excitation circuit with addi- 
tional a-c windings, type V 
Rs 
Ty" =I"x——5— 14 
Ret, ue 
i=1,'—I,"=('-1")x—— (18 
L=ly'—I," =( )XoR. oa (15) 
Therefore the output power is 
Rs?*X Rr 

Pr=?XR,=(I'—1’)?Xx—s— 16 
L=I?XRi=( VY XR. +R,)? 


Differentiating this equation with re- 
spect to R; we obtain the condition for a 
maximum that 


Rir=2XRs (17) 
and 
Tp =1/sX(U'-1") (18) 


However, even when optimal rating of 
this mixing resistor network is realized, 
a considerable loss of power occurs, as 
T;,is only 1/4 of ([’—I"). The series mix- 
ing circuit is suitable only for d-c loads 
having high resistance values. 


Parallel Mixing Circuit: Referring to 
Figure 26 the second method is super- 


Figure 22. Three typical response character- 

istics being especially interesting in the field 

of magnetic amplifiers of the balance detector 

type: “A" and “B"' are very practicable, but 
“C" is generally unsuitable 
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position of direct currents Jp’ and J,” rep- 


* resenting converted alternating output 


currents, so that J,’ and Jp” are in op- 
position in the load resistor R,. For 
proper operation, ballast resistors Rp of re- 
sistance about three times that of the load 
resistance KR, are needed in series with the 
rectifier outputs to prevent one rectifier 
by-passing part of the load current, 
Here a considerable loss of power is caused 
by the two ballast resistors Rp=3R,. 
The parallel mixing circuit is suitable 
especially for d-c loads having very low 
resistance values, *)2%,"4 


Twin Load Circuit: The third method 
(Figure 27) is using a differential type 
load having two equal separate load re 
sistors KR,’ and R,”, in example: two 
equal separate d-c input control windings 
of the next amplifier stage (Figure 28), 
This method is based upon the superposi- 
tion of d-c magnetizations produced by 


' " 
Wel + 


' " 
Igtlot ly 


Figure 23. Differential output circuit for an 
a-c load with supply transformer 


two separate load resistors (Figure 28: 
two d-c windings) acting in opposite 
directions as a differential type device, 
The twin load circuit involves no loss of 
power, as no mixing resistor network is 
needed, and this method should be used 
if convenient, 


PusH-PuLL | CIRCUITS OF THE 


BIAS-EXCITATION TYPE 
Circuits Without Feedback 

Circuit with Additional Bias Windings 
(Figure 29); This push-pull circuit con- 
tains two equal polarized d-c controlled 


Geyger—Magnelic Amplifiers of the Balance Detector T’ ‘ype 


Zz; Zo 
IL : i 
~ 
QQQ 
tL S___E__S 
THOTT 
IL 2. 


Figure 24, Differential output circuit for an 
a-c load with load transformer 


magnetic core reactor systems as shown in 


Figure 7, utilizing no feedback effects, 


These two systems are combined by 
means of a supply transformer 7's having 
two separate secondaries (voltages 2’ and 


hk”). The and J,” 
produce additional d-e 


bias currents J,’ 
magnetizations, 
which are independent on the d-c control 
magnetization produced by the control 
current J@ having a variable direction of 
current flow, According to the response 
characteristics shown in Figure 80 a 
positive control current Jy causes the out 
put current J’ to decrease, and the output 
current J” to increase, Tf Je is very large, 
the output current J’ begins to increase 
again, Because of this the arrangement 
must be so designed that the maximum 
value of J@ does never lie outside the 
working range marked in Figure 80 by 
dotted lines, Voltage drops /,p’ and 
Ex" in series resistors Xs being propor 
tional to direct output currents J‘ and J” 
are superimposed (igure 25), and the 
direct output current 7, flowing through 
load resistor Ay, is reversing in direction 
with change in direction of control current 
Ig. Perfect balance of the two reactor 
systems can be easily accomplished by 
means of the slide-wire resistor Ro at zero 
control current, 


Circuit Without Additional Bias Wind 
ings (Figure 31): It is possible to apply 
the bias currents J,’ and J," directly to 
simple common d-e windings 
simultaneously as bias windings and as 
ordinary control windings (see Figure 8), 


acting 


Figure 25. Series mixing circuit for a d-c load 
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Figure 26. Parallel mixing circuit for a d-c load 


= 


In this case, however, the d-c series re- 
sistors Rg-’ and Rg.” shunting the com- 
mon d-c windings must be rated as to 
have sufficiently high values in order to 
avoid a considerable decrease of the con- 
trol current action. Here too, a slide- 
wire resistor Ro is provided, so that the 
two reactor systems can be easily bal- 
anced at zero control current. 


Circuits with Feedback 

The power amplification of the bias- 
excitation type circuits, as shown in 
Figure 29 and Figure 31, is comparatively 
low and not sufficient for the most prac- 
tical purposes. However, it is possible to 
obtain sufficiently high power amplifica- 
tion by providing special feedback wind- 
ings producing additional d-c magnetiza- 
tions, which are proportional to the actual 
direct load current J,=constX(J’—1"), 
and corresponding positive (regenerative) 
feedback effects. This method has been 
introduced by the author,”?4,?4 and may 
be called ‘‘differential feedback method”’, 
as the feedback current effect is propor- 
tional to the difference of the two direct 
output currents J’ and I”. 


Circuits Without Derivative Feedback: 
In the circuit shown in Figure 32 the 
differential output current J; flowing 
through the d-c load resistor R, is fed 


back through special feedback windings ~ 


Nr, which aid the control windings No. 
Using this circuit power amplification of 
the same order as for self-excitation can be 
obtained. As the additional d-c mag- 
netization produced by the feedback 
windings Ny is proportional to the actual 
difference of the direct vutput currents 
I’ and I”, these windings may be replaced 
in special cases by two equal feedback 


Figure 27. Twin d-c load circuit 


Figure 28. Two equal separate d-c windings of a magnetic amplifier | 
acting in opposite directions as a differential-type device (twin — 


windings carrying the output currents J’ 
and J” separately, and acting as differen- 
tial twin windings, Figuré 28. 


Circuits with Derivative Feedback: In 
order to reduce the response time of the 
magnetic amplifier a derivative feedback 
effect may be used. A very efficient 
method introduced by the author?? con- 
sists in providing an additional special 
feedback circuit containing a large- 
capacity condenser Cy across the load re- 
sistor Ry, as shown in Figure 33 and in 
Figure 34. This method is based upon the 
fact that here actual magnitude of direct 
feedback current Jy is a function of time, 
the parallel condenser Cy acting as a time- 
variable series impedance ,on additional 
series connected feedback windings. With 
rapid changes of load current J; the cur- 
rent J, flowing through these feedback 
windings is relatively large, but later on 
before reaching steady conditions the 
current Ip will slowly decrease up to its 
normal value corresponding to steady 
conditions. Using this method it is pos- 
sible to reduce the time of response to 
about 1/5 of its original value. 


Figure 29 (right). 
Push-pull circuit of 


windings) 


PusH-PULL CIRCUITS OF THE 
SELF-EXCITATION TYPE 


Full-Wave Type Circuits 
Circuit Without Bias-Network (Figure 


35): The two reactor systems of the ex- — 


ternal feedback type are combined by 


means of a d-c load device having two q 


equal separate load resistors Ry,’ and 
R,", acting as differential windings (Fig- 
ures 27 and 28). It is to be noted that 
with a ‘‘positive” control current, +Je, 
flowing through the series connected con- 
trol windings, in the first reactor system 
the d-c magnetization produced by Ig 


and the d-c magnetization produced by — 


Ip’ will have the same direction, and that 


in the second reactor system the d-c ~ 


magnetization produced by Ig and Ip” 
will be opposite in direction. Therefore, 
while first load current J,’ is increasing, 
second load current I,” is decreasing, and 
the effect of differential load windings 
R,/ and R,” will be proportional to [;’— 
I,”. But with a “negative” control cur- 
rent, —J¢, flowing through the control 
windings, this effect will be proportional 
to I,” —I,’. 


the bias-excitation 
type with additional 
bias windings 
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Figure 30. Response characteristics of a push-pull circuit of the bias 
I, =1" —I' =f(Ic) with Ny; =400 and No = 800 


excitation type: 


Circuit with Bias-Network (Figure 36): 
| This push-pull circuit contains two re- 
actor systems of the external feedback 
type (Figure 12), a differential load trans- 
former 7), (Figure 24), and a complete 
bias-network reducing the quiescent cur- 
rent values of the two alternating output 
currents J,’ and J," at zero control cur- 
rent J>. The actual alternating load 
current J; corresponds to J,/—J," with 
| +Jo, and to 1;,"—I,’ with —Jo, respec- 
tively. 


_ Half-Wave Type Circuits 


Circuit Without Bias-Network (Figure 
37): The two reactor systems of the self- 
saturation type (Figure 17) are com- 
bined by means of a supply transformer 
Ts having a center-tapped secondary— 
voltages H’ and £”—, and the alternating 


Figure 31, 
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Push-pull circuit of the bias-excitation type without ad- 
ditional bias windings 
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Figure 32. Push-pull feedback circuit of the bias-excitation type 
without derivative feedback 


current J; flowing through the load re- 
sistor R, is proportional to 2,/—J;," with 
+J¢, and to J;,,"—J,' with —Jo, respec: 
tively, 


Circuit with Bias-Network (Figure 
38): This push-pull circuit contains two 
reactor systems of the self-saturation type 
(Figure 20), a supply transformer 7's 
having two separate secondaries (voltages 
K’ and £2"), series mixing resistors Ry’, 
Rs" (Figure 25), and a complete bias-net- 
work reducing the quiescent current values 
of the two direct output currents J,’ and 
I," at zero control current Je. The actual 
direct load current J; corresponds to 
I,’—I," with +Jo, and to I," —J,! with 
—To, respectively, 
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PRRFORMANCR OF MAGNETIC AMPLIFIERS 

OF THE BALANCE Derecror Tyrer 
Response Characteristics 
Circuits 


of Push-Pull 


Characteristics Without Biasing: The 
behavior of push-pull circuits can be de- 
termined with the aid of a load line plot- 
ted on composite curves, as shown in 
Higure 89. To obtain these composite 
curves, the Jg-J;, curves of the individ- 
ual reactor systems are placed back to 
back, and the composite curves are then 
derived by considering the load current 
values J,’ and J," corresponding to the 
same control current Je: [,=J,/—l,". 
The resulting derived response charac- 


‘ fe 


Figure 33, Push-pull feedback circuit of the bias-excitation type with 


derivative feedback 
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Figure 34, Derivative feedback circuit for 
magnetic amplifiers of the push-pull balance 
<# detector type 


C 


teristics represents the relation between 
the actual alternating 
[,’, f,", and [,=1,'—1," and the control 


Figure 39 shows the response 


load currents 
current Jp, 
characteristics of a push-pull cireuit with 
out biasing having a comparatively high 
quiescent current value 9, 


Characteristics with Biasing (Figure 
40); Were the quiescent current value /g 
is considerably reduced, in order to ob 


tain a very sinall drift rate, 


Amplification — Factors — of 
Amplifier Push-Pull Circuits 


Magnetic 


The current gain A, is the ratio between 
output current J; 
Tot 


K,=1,/le 


and control eurrent 


(19) 


The voltage pain Ay is the ratio be 
tween output vollape Mp,=/),R, and in 
put voltage Me = Te Re! 
Kn =(1R1)/UeRe) (20) 


Ro is actual total 
either series or parallel connected dee con 


where resistance of 
trol windings of the two equally rated 
iInagnetic core reactor systems, 

The power gain Ap is defined as the 
ratio of output power Pp =1)2R, to input 
control power Pg =J¢*Re! 


Kp=(11?R,)/Te*Re) (21) 
Drift Kate of Magnetio Amplifier Push 
Pull Cireuits 
General: Magnetic amplifiers of the 


push-pull type represent differential eit. 
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Figure 36, Push- 
pull circuit of the 
selfexcitation 


fulle-wave type 
with — blas-net- 
work 


cuits operating on bridge hetwork balance 
Load current J;,e0, if the 
control current Je is zero, In practice it 
is required that fulfilment of this condi 
tion must be mostly independent pon 


conditions : 


changes in voltage, frequency, and wave- 
shape of the ae supply, change in tem- 
perature, ete, ‘The performance of such 
devices will be illustrated in a subsequent 
section entitled Practical Results, where 
some performance data of different mag. 
netic amplifiers of the balance detector 
type will be piven, 

In order to secure complete fulfilment 
of balance conditions /;,<0 if Joe 0 the 
ratio between the aetual impedance values 
of the two reactor systems can be changed 
by means of a slide-wire resistor Ro (see 
Figures 29, 31, 82, 88, 36, and 88) easily 
allowing a change of the ratio [y'/Zy". 
Thus it is possible to annihilate any ef- 
fects caused by unsymmetrical magnetic 
core and dry disk rectifier characteristics, 


Arrangements for Determining the Drift 
Rate: The drift rate of a magnetic am- 
plifier of the balance detector type can 
exactly be determined by an arrangement 
allowing measurement and recording of 
netual load current J,eJ,/—2," at zero 
control current Je as a funetion of another 


Figure 35 (left), 
Push-pull circuit 
of the selfeexcitas 


thon — fullewave 
type without 
bias-network 


Figure 37 (right), 
Push-pull circuit. 
of the self-excita- 


tion half-wave 
type without 
bias-network 
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variable quantity, as supply voltage, 
supply frequency or room temperature. 
With d-e load amplifiers corresponding to 
the second problem (ligure 2) a very 
simple arrangement, as shown in Figure 
Al, consisting of a d-c milliammeter and a 


d-c recorder having respective high sen-— 


sitivity both of the moving coil type, may 


be used, for exact measurement and re-— 


cording of direct load current 7, =const < 
(1,'—1,") under various working condi- 
tions of the amplifier, 

However, with magnetic amplifiers 
corresponding to the first problem (Migure 
1) the alternating load current J,=J,/— 
T,," will be exactly measured and recorded 
by means of a phase selective dry disk 
rectifier device of the ‘“ring-modulator”’ 
full-wave type (igure 42) containing two 
center-tapped transformers, an ordinary 
d-c milliammeter and a d-c recorder, 
both of the moving coil type. 


Practical Results 


Push-Pull Amplifier for 50-Cycle-per- 
Second Supply: In 1942 the author de- 
veloped a high-sensitivity magnetic am- 
plifier of the balance detector type, es- 
pecially for the purpose of an automatic 
temperature control with thermocouples. 
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Figure 38. Push-pull circuit of the self-excitation half-wave type 
with bias-network 


This push-pull amplifier? having only one 
stage of amplification (Figure 33), which 
operates from a 50-cycle-per-second sup- 
ply had the following characteristics: 


1. Resistance of control windings: Rc= 


15 ohms. 


2. Magnitude of control current corre- 
sponding to a change in temperature of 1 
degree centigrade: J¢=1.13 microamperes. 


8. Magnitude of input voltage correspond- 
ing to a change in temperature of 1 degree 
centigrade: Eo=I¢Rc=17 microvolts. 


4, Magnitude of input power correspond- 
ing to a change in temperature of 1 degree 
centigrade: Po=Ic?Rc=1.9X107!! watts. 


5. Total ampere-turns of control windings 
(Ne=800) corresponding to a change in 
temperature of 1 degree centigrade: 
IeNc=3.4X10~4. 


6. Ampere-turns/centimeter of control 
windings (mean length of the magnetic cir- 
cuit of the Mumetal-core type=17 centi- 
meters) corresponding to a change in tem- 
perature of 1 degree centigrade: 2X10~°. 


7. Magnitude of d-c output power corre- 
sponding to a change in temperature of 1 
degree centigrade: Pp =J1?R,=10~ watts. 


8. Power gain corresponding to a change in 
temperature of 1 degree centigrade: Kp= 
P1/Pe=(10~7 watts)/(1.9X10-" watts) = 
5,300. 


9. Magnitude of control current corre- 
sponding to a change in temperature of 100 
degrees centigrade: J~¢=0.113 milliamperes. 


10. Magnitude of input voltage corre- 
sponding to a change in temperature of 100 
degrees centigrade: Eo=J¢Rce=1.7 milli- 
volts. 

11. Magnitude of input power correspond- 


ing to a change in temperature of 100 degrees 
centigrade: Pe=Ic¢?Rco=0.19 microwatts. 


12. Magnitude of d-c output power corre- 
sponding to a change in temperature of 100 
degrees centigrade: 107% watts. 


13. Power gain corresponding to a change 
in temperature of 100 degrees centigrade: Kp 
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=P,/Pc=(10-* watts)/(1.9X107 watts) 
= 5,300. — ; ; 

14. Drift rate, due to ordinary changes in 
supply voltage, in room temperature et 
cetera: each about +1 degree centigrade 
(being +1 per cent of the 100 degrees centi- 
grade—range over a period of eight hours). 


Push-Pull Amplifiers for 500-Cycles-per- 
Second Supply: In Table I figures for two 
typical single-stage magnetic amplifiers, 
which have been developed in Germany 
during the 1939-1945 War, are quoted to 
indicate the performance obtained.® 
These amplifiers were designed to operate 
at ambient temperatures between +70 
and —60 degrees centigrade for supply 
voltage and frequency ranges of 30 to 40 
volts and 400 to 600 cycles per second. 
The core material used was of the Perm- 
alloy type. 


Multistage Amplifiers of the Balance 
Detector Type 


General: Magnetic amplifiers involving 
two or three stages of the push-pull type 
give very high power gain values. Using 
a multistage amplifier having two equal 
stages a total power gain 


Output power of the output stage 


Ktota = A 
Input power of the input stage 


(22) 


of 1,000,000 has been obtained as a result 
of the author’s research work. In such 
arrangements the entire design revolves 
around the essential problem that fulfil- 
ment of balance condition: J,=0if J¢=0, 
must be mostly independent upon changes 
in voltage and frequency of the a-c sup- 
ply, changes in room temperature, etc. 


Push-Pull Two-Stage Amplifier for 400- 


Cycle-per-Second Supply: In Table II 
figures for a British 2-stage magnetic 
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Figure 40 (above, right). 
back circuits with biasing: I, =I,’ —I,," =f(I-) with 1g=10 milliamperes 
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Figure 39 (above, left). Response characteristics of push-pull feed- 
back circuits without biasing: 


I=,’ —I," =fIc) with Ig=45 milli- 
amperes 


Response characteristics of push-pull feed- 


amplifier of the push-pull type’ are 
quoted to indicate the performance ob- 
tained. This amplifier for 400-cycle-per- 
second supply has been successfully de- 
signed to operate a sensitive polarized re- 
lay for an input power of 0.004 micro- 
watt (+2 microamperes in 1,000 ohms). 
The power required to operate the relay 
was about 600 microwatts, and therefore 
the power amplification required was 1.5 
10°. Obviously the time lag of a single 
stage design would have been excessive. 
Therefore a 2-stage arrangement (Table 
II) was constructed. Self-excitation was 
used in both stages, and the output mix- 
ing circuit for each stage was of the type 
shown in Figure 25 (series resistor mixing 
circuit). Two special points of interest® 
are the reduced self-excitation of the first 
stage in order to ensure good zero sta- 
bility, and the lower maximum output of 
this stage in order that the final stage 
could not be swamped by an excessive 
input signal and its output reduced be- 
low the level required to operate the re- 
lay. 


Speed of Response in Magnetic Amplifiers 


General: In principle, magnetic am- 
plifier circuits containing a large amount 
of inductance have an inherent slow re- 
sponse time, and there is a certain time 
lag between the application of the input 
signal and the attainment of the full out- 
put load current. In certain practical 
applications this sluggishness of response 
due to ‘magnetic inertia’”’ is not an im- 
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Figure 41. Arrangement for determining the 
drift rate of d-c load amplifiers 
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Table Il. Performance Data of a British Two- 


Table |. Performance Data of German Single- 
Stage Magnetic Amplifiers of the Balance 
Detector Type 


== —— = 


Magnetic Amplifier Type A TypeB 


Load resistance, Ohms.......... B00 ho:0:2 25 
Maximum load current, milli- 

amperes (linear).........++++ 2 Speers OO 
Maximum output power, milli- 

WATS liters sae ie ovine tei io iene 256 <6 OOO 
Current amplification............ 100.... 250 
Input resistance, ohms.........+.. 2,000....1,000 


Power amplification....... ey UU Ue ca 


Maximum input power, micro- 


Change in input current to cor- 
rect maximum zero wander, 


MUICFOATIPELED iiss cis ale si eaminltien 3 16 
Zero wander expressed as input 

power, microwatts,........++-- 0.018....0.256 
(Zero wander) /(Maximum input 

power) expressed in per cent..... 1,44.... 0.04 
Time-constant (approx,), seconds........... 0.15 


Weight; pouridie cgi a zoe see B/asina« A/a 


portant drawback. But in other applica- 
tions, especially for high-performance 
servomechanisms and some other types of 
automatic control and instrument work, 
a very short response time is of para- 
mount importance. 

As the minimum time delay will be of 
the order of one cycle of the a-c supply 
frequency, an obvious method to reduce 
the response time is increasing the supply 
frequency (up to about 2,000 cycles per 
second), Another efficient method con- 
sists in providing derivative feedback, as 
described in the section on Circuits with 
Derivative Feedback, Using this method 
in connection with a 400-cycle-per- 
second supply it would be possible, to 
achieve a response time of about 10 
milliseconds or less. 


Design Procedure with Respect to Time 
Lag: The ratio Kp/T between power am- 
plification Kp and time-constant TJ is in- 
creased by the application of positive 
(regenerative) feedback or similar ef- 
fects. Furthermore the time-constant of 
a magnetic amplifier increases in direct 
proportion to the power amplification. 
When two or three stages of amplification 
are connected in cascade, the over-all 
power amplification is the product of the 
stage amplifications, whereas the total 
time-constant is roughly the sum of the 
individual time-constants. It follows 
that as the number of stages is increased 
there is an increase of the ratio of am- 
plification to time-constant Kp/T. There- 
fore, in order to obtain a high value of this 
ratio, the design procedure® will be in 
many applications to connect in cascade 
two or three stages, each stage having a 
comparatively low power amplification 
and yet using the maximum positive feed- 
back that is consistent with the required 
stability of the amplifier, 
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0.C. MILLIAMMETER 


Figure 42. Arrangement for determining the 
drift rate of a-c load amplifiers 
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Stage Magnetic Amplifier of the Balance | 


Detector Type 
First Second 
Detail Stage Stage 


Ta put ities nace cis om eleeichenne 2,700 .. 2,200 
let CUTS Ny ospeavesoishaisie) ohoketaiee é 150 .. 150 
Self-excitation turns.......... 135 .. e# 150 
Resistance of load resistor, 

Obits Jp aysece vcieicile eae 330 .. 330 
Overall load resistance, ohms. , 600 .. 680 
Supply voltage, volts (rms).... Sak, 16 
Maximum output current, 

milliamperes............ we 3.64% 7.0 
Current amplification........ 15 Uae 30 
Lamination type number..... rN. 21 
Corevmiateriall. oks.j0/\....\s\eten Mumetal. .Mumetal 
Stack depth, inches.......... S/is .. 5/16 
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Discussion 


William F. Horton (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): Dr. 
Geyger discusses two types of mixing cir- 
cuits for a balanced magnetic amplifier with 
d-c output. The conditions for maximum 
power output to the load are developed for 
series and parallel mixing circuits. In the 
case of the series mixing circuit the condition 
for maximum power output is obtained as: 
R,=2Rs (equation 16). 

It can be shown (see Appendix to this 
discussion) that the condition for maximum 
power output for balanced magnetic ampli- 
fiers with series or parallel mixing circuits is 
dependent not only on the constants of the 
mixing circuit but on the saturated imped- 
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( 
Figure 1. Balanced magnetic amplifier with 
series mixing circuit 


ance of the amplifiers. If the saturated 

impedance of the amplifier of one side of the 

balanced circuit is taken to be Zig (see 

Figure 29) then for maximum power output: 
For series mixing circuit 


Rr =2Zis 

Rs=V2Z,s and Rp =V/2Rs 
For parallel mixing circuit 

Ri=Zis/2 

Re=Z, gy; and R,=Rp/+/2 


The efficiency of these mixing circuits 
with respect to the efficiency of the twin 
load circuit can then be determined. 


APPENDIX 


Sprizs Mrxinec Circuit 


In the case of the series mixing circuit, 
equation 16 is differentiated with respect to 
Rr. 


RsRz, 


ee — (lo — J 2 — 16 
Pr =T? Ri =( ORs +R) (16) 
dP, d RsRzy 
dR, ( } dR; (2Rs Rr) 
Rskr # p_yp 
(2Rs+Rz)? dRr 
2Rs—Rz, 
YU Saye 
( ) Ret R, 


d 
OR (I'—I" pe 
u( ys Rs! ) 


This is set equal to zero to obtain Ry for 
maximum P,. If 


d 
(i — 2") =( 
Z Ri ) 
then R;=2Rs is the condition for maximum 
Py, however for maximum Pz, 


d 1 uv 
7 Ri ILE 0) 

Consider the balanced magnetic amplifier 
circuit as shown with series mixing circuit in 
Figure 1 of this discussion. The mode of 
operation is that the control is acting in 
opposite directions in the amplifiers 7A; and 
MA; when Z, is a minimum, Z2 is a maxi- 
mum. Let the saturated impedance of MA, 
beZis. When Z,=Z, , Z2is at its maximum 
value which can be assumed to be infinite 
with respect to any other impedance in the 
circuit. Then the circuit to be considered 
to determine the conditions of maximum 
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power output is simply one side of the bal- 
ance amplifier, the circuit of MA,. 

The equivalent circuit is shown in Figure 
2 of this discussion. The conditions for 
maximum Py are: 


Za=Lig 
Zo=Ry 
_Rs(Rs+Rz) 
cS 8 
Ri +2Rs 
RsZis : 
Ji 3 
d any are a iE 
Eliminating Zs 
RRs tR 
ene ae 
Rr +2Rs+Rs +R, 
2R,?=4R3? 
Rr,=V2Rs 


in terms of Zs: 
Ri=2Zis 
Rs=V2Zis 


The efficiency of the balanced magnetic 
amplifier circuit with series mixing circuit 
with respect to the efficiency of the twin 


ue 


Ne 
B 


Figure 2. Equivalent circuit with MA, satu- 
rated 


Za= impedance looking from terminals 1, 2 
Zy=impedance looking from terminals 3, 4 
source short circuited 


load circuit can then be determined. With 
the matched loads in both cases: 


alee lle ae 
~LQ4+V2)Zisd\ Zs] (2+72) 


=17.1% 


PARALLEL MIxInG Circuit 


Similarly, for the parallel mixing it can be 
shown that the conditions for maximum 
power output are: 


Rr=Rp/V/2 
Ri =Zi8/2 
Rp=Zis/V/2 


The efficiency of the parallel mixing circuit 
with respect to the twin load circuit is 17.1 
per cent as before. 


S. E. Tweedy (Queensburg, Edgware, Eng- 
land): Mr. Geyger’s paper is a useful sum- 
mary of the essential properties of a number 
of magnetic amplifier circuits that are today 
in common use. I should, however, like to 
point out that his analysis of the series mix- 
ing circuit requires comment. I am refer- 
ring to the differentiation of equation 16, 
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in which he has assumed that (J'—I’’) is 
independent of the load resistance. This is 
not in practice true. An analysis in which 
this fact is taken into account gives the 
interesting result that as high a percentage 
as desired of the power that the amplifiers 
are capable of giving can be delivered into 
the load, but at the expense of taking more 
power from the a-c supply, and wasting it 
in the series mixing resistors. 

Mr. Geyger also states that ‘‘the time 
constant increases in direct proportion to 
the power amplification.”” Paradoxically, 
this statement is at the same time true and 
untrue. If circuit conditions are varied in 
such a way that the power amplification is 
altered, but the ampere-turn amplification 
is kept constant, then the statement is true. 
If, on the other hand, the power amplifica- 
tion is varied by altering the degree of self- 
excitation or feedback, then the statement is 
untrue, and in fact the time constant be- 
comes proportional to the square root of the 
power amplification. 

In Figure 42, Mr. Geyger shows an ar- 
rangement for recording the zero drift of a 
magnetic amplifier with a-c output, employ- 
ing aring modulator. This will clearly only 
be accurate provided that the drift of the 
ring modulator is small compared with the 
amplifier drift, and I would like to ask Mr. 
Geyger if he has in fact found this to be the 
case. 


W. A. Geyger: The analysis of the series 
mixing circuit in my paper is based upon the 
assumption that the actual impedance 
values of the two magnetic amplifier ele- 
ments are very large in comparison with the 
actual resistance values Rs and Ry of the 
mixing circuit so that (Z’—J’’) is substanti- 
ally independent of these resistance values. 
Of course, this will be only true if bias effects 
are applied in such a way that the quiescent 
currents (the output currents with no-signal 
condition) are reduced to have very small 
magnitudes, and if the difference between 
the actual impedance values of the two 
magnetic amplifier elements is small, corre- 
sponding to minor excursions in the viciuity 
of null. 

I am grateful to W. F. Horton and 5. E. 
Tweedy for stressing that, in general, the 
condition for maximum power output for 
balanced magnetic amplifiers with series or 
parallel mixing circuits is dependent not 
only on the constants of the mixing circuit 
but on the saturated impedance of the am- 
plifiers. Mr. Horton’s complete analysis 
shows the actual conditions for large excur- 
sions without making the aforementioned 
assumption. 

Referring to the general considerations in 
my paper concerning the design procedure 
with respect to time lag, it is to be noted 
that the ratio Kp/T between power gain 
Kp and time-constant T can be increased by 
the application of positive (regenerative) 
feedback, as defined by the feedback multi- 
plier! A =1/(1—Nyr/Nz). The power gain 
Ker with positive feedback will be A? times 
the power gain without feedback (A =0). 
On the other hand, the time-constant T 
increases linearily with the feedback multi- 
plier A. 

According to common practice, the speed 
of response of the conventional types of 
magnetic amplifiers utilizing external or 
internal feedback can be increased with an 
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attendant proportional decrease of power 
gain by placing an additional resistor (some- 
times called ‘forcing resistor’) in series 
with the control windings. By increasing 
the total resistance Rg of the control 
circuit to A times its previous value, the 
increase of time constant 7 due to positive 
feedback can be eliminated and the power 
gain Kp is reduced from A? to A. Hence, 
for increasing control voltages, the magnetic 
amplifier with positive feedback can be 
made with the same speed of response (with 
the same time-constant 7’) as the one with- 
out feedback and yet have a power gain of 
A times the power gain of the magnetic 
amplifier without feedback. Thus, Kp/T 
will be approximately proportional to the 
actual value of feedback multiplier A= 
1/A—Np/Nz,). Similar results will be ob- 
tained, when ‘‘internal’’ feedback (self- 
saturation) is provided instead of ‘“external’”’ 
feedback (using separate feedback windings 
Np). 

With regard to Mr. Tweedy’s question, 
whether the drift of a ring modulator ar- 
rangement, as shown in Figure 42 of my 
paper, is small compared with the drift of 
the push-pull a-c load type magnetic am- 
plifier, I would like to stress that in practice 
the variable quantities, as supply voltage, 


supply frequency, room temperature, et 
cetera, will only be applied to the magnetic 
amplifier itself. However, the phase-sensi- 
tive ring modulator circuit containing four 
dry-disk rectifier elements can be arranged 
to operate under substantially constant 
conditions: 

1. The synchronous reference (polariz- 
ing) voltage may be provided by means of a 
constant-voltage device, preferably a satu- 
rating core type of constant-voltage trans- 
former, to climinate differences in voltage- 
current characteristics of the rectifier ele- 
ments, 

2. The dry-disk rectifier elements of the 
ring modulator circuit may be arranged in 
a box having automatic temperature con- 
trol, to eliminate undesired effects of changes 
in ambient temperature. 

Additionally, any drift of the ring modu- 
lator circuit itself can easily be detected and 
completely eliminated by recording the out- 
put current of the ring modulator circuit 
both with and without input current (7,) 
of this circuit. In this case, the moving-coil 
type recorder will trace two separate curves, 
and the actual differences between these 


curves will. show the pure drift of the mag- , 


netic amplifier. 
Moreover, I should like to point out that 
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“ 
the general considerations in my pafper con- 
cerning arrangements for determining the 
drift rate shall stress that a phase-sensitiv 
type of rectifier must be used for drift rate 
measurements on a-c load push-pull mag- — 
netic amplifier circuits. Thus, the dry-disk 
rectifier ring modulator circuit, Figure 42 of 
my paper, representing a typical example for — 
a phase-sensitive device may be replaced by 
any other suitable type of phase-sensitive — 
rectifier arrangement, preferably -by a 
mechanical rectifier using either an oscillat- 
ing or a rotating contact device. For ex- 
ample, the ‘contact rectifier,” as developed 
by Mr. F. Koppelmann,? has proved to be 
very useful for such investigations, particu- 
larly for input-stage circuits having a com- 
paratively small output power of a few milli- 
watts only. 
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A Simple New Resistance Type A-C 
Load Flow Board 


WALDO E. ENNS 


MEMBER AIEE 


T HAS become quite common practice 
for system planning engineers of many 
of the larger electric power distributors to 
obtain an advance check of their major 
transmission and distribution system de- 
velopments by setting up and studying 
the operating characteristics of a number 
of alternate plans on an a-c board. By 
so doing, it is possible to choose a develop- 
ment plan which will do the best job in 
the most economical manner for the par- 
ticular system being analyzed. Even 
though recognition has been given to the 
advantages of the a-c boards in quickly 
_ solving complicated a-c network prob- 
lems, it appears that the many engineers 
who do not have the constant use of these 
devices must do a great deal of computa- 
tional work. This could be done better 
and much more quickly on one of the con- 
ventional type, or one of the new resist- 
ance type of a-c boards. 

In a previous paper! the writer de- 
scribed a new simple type of a-c cal- 
culator using resistance circuits. The 
basic principles set forth therein were used 
in the design and construction of the new 
load flow a-c board now in successful 
operation. Certain modifications were 
made in the original design which made it 
possible to concentrate all of the control 
functions within easy reach of a small 
operating desk, so that all of the balancing 
and reading of the instruments is done by 
a single operator sitting at this desk. 

Following the publication of the pre- 
vious paper in 1943 there was a definite 
interest aroused in the development of 
such a device, both in this country, and 
abroad, as indicated by inquiries the 
writer received at that time. On the 
other hand, some very competent engi- 
neers, familiar with load flow analysis, ex- 
pressed their doubts as to whether an a-c 
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board built upon the principle of this one 
could be adjusted into balance fast enough 
to make it a really useful tool. Because of 
these very reasonable doubts which were 
expressed, the writer did not make any 
further claims for the device until they 
could be based on actual operating ex- 
perience. 

In September 1949 the Portland Gen- 
eral Electric Company put into operation 
a.resistance type a-c board which now is 
in constant use making load flow and 
voltage studies. These studies will be 
used for determining the system addi- 
tions which will provide for the short-term 
requirements, and at the same time fit 
into a long-term program of system de- 
velopment to economically serve a grow- 
ing load. 

In addition to explaining the present 
design this paper will indicate how it can 
be modified to provide a board which will 
not only read real and reactive power and 
voltages for load flow studies, but will pro- 
vide the means of setting up the sequence 
networks for short circuit studies as well. 
This modification should make it a useful 
tool for the system engineers of either 
large or small electric power distributors. 


‘Description of A-C Board 


Figure 1 shows a front view of the new 
a-c board. The over-all dimensions of the 
cabinet section of the device are 66 by 82 
by 18 inches, and the desk top is 44 by 20 
inches. The present capacity of the board 
is 92 circuits and 60 busses. Of the 60 
busses, ten will connect a maximum of 
eight circuits, and 50 will connect a maxi- 
mum of four circuits. At present the re- 
quirements for setting up the company 
system and associated interconnections is 
less than 40 busses and 60 circuits, so that 
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the board has adequate capacity for in- 
creases in the size of the network. The 
design is such that more circuits and 
busses may be added later if required. 

Referring to Figure 1, in the left-hand 
cabinet, plugging panels provide the 
means of setting up the network being 
studied. The section above the instru- 
ments and uriderneath the desk of the 
center and right-hand cabinets provides 
plugging panels for the M and JN circuit 
constants, the significance of which will be 
explained in the mathematical basis for 
load flow measurements. The Mand NV 
resistors are multitapped and provide a 
range of 0 to 1092/3 per cent in 1/3-per cent 
steps. Each panel also has additional 100 
per cent fixed resistors which may be 
plugged in to obtain values above 1097/3 
per cent. Figure 2 is a back view of the 
interior of the right-hand cabinet, and it 
shows the mounting of the resistors as well 
as the fixed wiring between them and the 
jacks of the plugging panels. 

The instruments shown in Figure 1 con- 
sist of the following: the small white 
faced instrument which reads the base 
voltage being used for the study; the 
center instrument, a 2-element watt- 
meter, which reads per cent megawatts 
and megavars; and the right-hand in- 
strument, a 2-element wattmeter, which 
reads per cent bus volts. This latter in- 
strument is not being used because in 
recording the studies the bus voltage and 
phase angle is desirable. This is quickly 
obtained on a slide rule from the values 
of £, and E, set up at each bus when the 
network is balanced and read. To the 
right of the per cent volts instrument is 
the dial of a variable autotransformer 
which is used to adjust the base voltage 
of the board. 

Referring again to Figure 1, notice that 
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all of the control functions of the board 


are conveniently located in the desk top 


and the voltage plugging panels just 


above the desk top. In the desk top are 
60 lever switches, one for each bus. Bus- 
ses 1 to 30 are located on the left side and 
busses 31 to 60 are located on the right 
side. In the center portion of the desk 


there are nine push buttons. One marked 


“Bus” is used to read loading or genera- 
tion at any bus selected to read. The 
other eight marked “A” to “JI”, inclu 


sive are 


, 


used to select and read the flow 
in the individual circuits connected to the 
bus being read. For example, let bus 1 
have the following six circuits connected 


LOI ALUN CI Do le FO Nan dul maa 


throwing forward bus | lever switch, then 


, 


depressing the ‘Bus’ push button, the 
six circuit relays All to /73, inclusive, are 
picked up, and the total load or genera- 
tion at bus 1 may be read on the watt- 
meter, lever 


switch forward and releasing ‘‘Bus’’ push 


Continuing with bus 1 
button, the load flow in the six individual 
circuits may be read in turn by depressing 
the circuit push buttons A, C, D, H, F, and 
IT, Similar readings of load flow in per 
cent megawatts and megavars may be 
made at all busses. 

There are no generator or load units 
used for this type of board because 
simulated generation or load can be ob 
tained at any bus in the network by ad 
justing the two voltage components at 
each bus. These components are marked 
iy, and H, and their significance will be 
made 


clear in the explanation of the 


Figure 1 (left). 
New _ resistance 


type a-c load 
flow board 


Figure 2 (right). 

Rear interior view 

of analyzer, 

showing tapped 

resistors and wir- 
ing 


mathematical basis of the board. Figure 
1 shows the writer plugging in bus 15 
LE, voltage cord at plus 87/3 per cent above 
reference voltage. of the 


voltage plugging panel just above the 


The section 


desk top provides taps minus with re- 
Located 
between the minus and plus voltage plug- 


spect to the reference voltage. 


One red 
and one black jack adjacent to each other 
are provided for each bus. 


ging sections are the bus jacks. 


The red jack 
and an associated red cord with red plugs 
are used to connect /, to the particular 
bus. The black jack and an associated 
black cord with black plugs are used to 
Bus 
jacks for busses 1 to 30 are located in the 


left-hand plugging panel and those for 


connect /, to the particular bus. 


busses 31 to 60 are located in the right- 
hand panel. This grouping conforms 
exactly to the grouping of the bus lever 
switches in the desk top. The voltage 
plugging section is supplied from one 
main multitapped autotransformer. This 
provides a voltage range of 9?/; per cent 
above and 9?/; per cent below the , and 
ii, reference voltage in 1/3-per cent steps. 
Where greater range than the +9?/; per 
cent is required there are separate boost 
or buck coils on the main transformer. 
These are connected to jacks located at 
the ends of the instrument section. Ex- 
perience with this board indicates the de- 
sirability of reducing the size of the 1/3- 
per cent steps to about 1/4-per cent steps. 
This would provide a finer adjustment 
when the busses are connected by circuits 


which have very low values for M and JN. 
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Speed of Operation 


Although the operating experience has 
been brief, it is adequate to indicate that 
the time required to set up, balance, and 
record complicated network load flow 
studies on the resistance type board is 
quite comparable to that required to make 
the same studies on the conventional type 
a-c board. 

When the new board was first used the 
errors in the design showed up, the worst 
one being in the use of instrument current 
transformers with too high burden to give 
accurate bus readings. In December 
1949 this condition was corrected, and 
since that time the studies have been com- 
pleted at an ever increasing pace, as the 
operator gained experience. Whereas, at 
first the time required to balance and 
record a load flow study ranged from two 
to ten days, now the time is reduced to 
several hours for studies of the same com- 
plexity. The operator is an intelligent 
young electrical engineer with a sound 
basic knowledge of electrical circuit 
theory but without previous experience in 
network analysis. Now a second operator 
is working the board, and in two weeks’ 
time he has become almost as proficient as 
the first one because of the training given 
him by the first operator. 

As is the case with any load flow study 
on any type of analyzer or calculator, the 
greater part of the time is used in deciding 
what to study and the preparation of the 
network data necessary to set up the 
study. After the plugging diagram and 
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circuit constants have been prepared it 
| only requires three to four hours to set up 
the network and its circuit constants in- 
cluding the check-back to be sure that the 
| plugging is correct. 

Figure 3 shows the l-line diagram and 
_ the recorded results of a study typical of 
| those being made on the board. There- 
fore, the speed of setting up, balancing, 
and recording referred to previously are 
_ for studies of this complexity. For larger 
| problems the time required would be 
| greater and for smaller problems the time 
| would be less. 


Computational Check of Network 
Problem, Figure 3 


Referring to Figure 3, the loop circuit 

_ formed by the lines between busses 1, 32, 

_and 40 were checked by computation so 

that a comparison with the readings 

taken on the a-c board could be shown. 
The comparison is given in Table I. 

A computational check of real and 
reactive power losses was made for the 
57.75-kv portion of the a-c board study 
recorded in Figure 3, the comparison with 
indicated board losses is noted below: 

1. Computed losses were 15.4 mega- 
watts and 37.7 reactive megavolt am- 
peres. 

2. Indicated losses from a-c board 
study obtained by deducting total of bus 
loads from total bus inputs was 11 mega- 

- watts and 38 reactive megavolt amperes. 


Mathematical Basis for Load Flow 
Measurements on New Board 


Assuming the use of a common mega- 
volt-ampere base and a common reference 
voltage with all values expressed in per 
cent, the following equations illustrate the 
mathematical basis for measuring load 
flow in real and reactive power when using 
four resistances to simulate an impedance 
circuit. 

With current components (J,+jI,) 
flowing through a circuit of impedance 
(R+jX) voltage drop components (V,+ 
GV) will exist between the circuit ter- 
minals. 

Where conductance G=(R/Z?) and 
susceptance B=(X/Z?) then I, =(GVp+ 
BYV,) and I,=(GV,—BV>). 

If the voltage at one terminal of the 
circuit is (Z,+j,) then the equations for 
real and reactive power flow in the circuit 
at this terminal are: 


P= Eyl y+ Ely = Ey(GVp+BVy)+ 
E((GVa—B Vp) 
Q= —E_lq+ Eqlp = — Ep(GVq—BVp)+ 
est E((GVp+B Vq) 
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To convert these equations to the form 
useful to the resistance type a-c board, let 
M=(1/G), N=(1/B). 


P=Ep(Vp/M+ Vp/N)+ 
E,(Vq/M—Vp/N) (1) 
Q= —E,(Vq/M—Vp/N)+ 
Eq Vp/M+Vq/N) (2) 


If a number of circuits are terminated 
at a common bus then the total real and 
reactive power flow into the bus as load, 
or away from the bus as input or genera- 
tion, will be the algebraic sum of the P 
flow and the Q flow in all of the circuits 
and may be expressed as follows: 


P=E,(2ZVp/M+Z2Vq/N)+ 
Ee 2V¢q/M—2V>/N) (3) 
Q= —Ep(2V_¢/M—2V>/N)+ 
E((2Vp/M+2V,/N) (4) 


Referring to equation 1 it may be seen 
that by setting up two M and two JN re- 
sistors to represent a single impedance 
circuit and by setting up different values 
of EH, and E, at the two terminals of the 
circuit so represented so that V,, the dif- 
ference in level of the #, values, is im- 
pressed across one M and one NV resistor, 
and also so that V,, the difference in level 
of the H, values, is impressed across a 
second M and a second JN resistor, then 
currents equal to V,/M, V,/N, V,/M, 
and V,/N will flow through these resistors. 
If the currents V,/M and V,/N are 
carried through separate primary wind- 
ings of a current transformer then a 
secondary current (V,/M-+V,/N) is ob- 
tained. Likewise if currents V,/M and 
V,/N are carried through separate pri- 
mary windings of asecond current trans- 
former with V,/N connected for reversed 
polarity, then a secondary current equal 
to (V,/M—V,/N) is obtained. Now if 
the secondary current (V,/M-+V,/N) 
flows through the current coil of the first 
element of a 2-element wattmeter, and 
the voltage EH, at one end of the circuit is 
connected to the potential coil of this 
first element the measured product £,- 
(V,/M+V,/N) is obtained. Likewise by 
using secondary current (V,/M—V,/N) 
and voltage /, for the second element of 
the wattmeter the measured product 


E,(V,/M—V,/N) is obtained. The total 
resulting torque on the 2-element watt- 
meter will be the sum of those on the 
separate elements, and thereby the in- 
strument will solve equation 1 for real 
power flow in the circuit at the terminal 
where H, and H, are picked up. 

Referring to equation 2, it will be seen 
that the reactive power equation contains 
the same components of current and 
voltage as the real power equation 1, but 
in a different combination for the prod- 
ucts. To measure Q on the instrument 
requires that voltage H, be transferred 
and reversed in polarity to connect to the 
second element, and that voltage H, be 
transferred from the second element to 
the first. 

When reading the load or generation at 
a bus with a number of circuits connected 
to it the a-c board has a bus push button 
which is used to pick up and close all of 
the circuits connected to the bus being 
read. This causes the V,/M, V,/N, 
V,/M, and V,/N currents in the con- 
nected circuits to combine algebraically 
to give 2V,/M, 2V,/N, 2V,/M, and 
ZV,/N currents. These go through their 
respective current transformer primary 
windings in the manner described for a 
single circuit measurement. Consequently 
the 2-element wattmeter may be used to 
solve equations 3 and 4 for the real and 
reactive power load or input at the bus 
being read. 

The 2-element wattmeter for measuring 
real and reactive power flow has a 0-100 
scale. A throw-over switch marked 
““P-Q” provides the means of choosing the 
P or Q reading. Another throw-over 
switch marked ‘“Jn-Out’ provides the 
means of obtaining a positive reading on 
the instrument scale and indicates the 
direction of flow with respect to the bus 
being read. Using the generally accepted 
convention, ‘‘Jn’’ indicates flow into the 
bus and ‘‘Out” indicates flow out from the 
bus. When reading a bus, “P-In” in- 
dicates power load and “‘Q-Jn’’ indicates 
inductive reactive load on the bus. “‘P- 
Out” and “‘Q-Out” indicate real and 
reactive power input to the bus from 
generation. 


Table | 
Bus Circuit A-C Board Readings Computed Values 
No. Bus to Bus Power Flow Voltage Power Flow Voltage 
Eee sey ane 6 oS ieee 54 in, (rout... 05 BO: S/ SLO Steerer 54 in, (Fouts 60.8/3.10° 
erate pncitats DAN teas sic cre 2 itt) (S) pO care GOS AO LOS. vera eitts De, (SORE. a kaue s 60.8/3.10° 
Oho See shsres IPA ieee bd; Ottt, (Cl) orate GL CHINO) 260 isc exer 55:6 out, (0) 3...) 61.75/10.56° 
VARS o.oo Arr 82-40. cece ie 59 out, (1) out...... O1).6/ LOR 26 one 6 59.6 out, (1.4) out...... 61.7/10.5° 
AU) sofa ue, tere CS eee 2 aut,- (8) sitions. (HON Ve Sy Sess aces Doe, (8) ith, vies a 60.6/3 .27° 
AAD vere crayeeees: AmB a artes srs. seks 58 in, (6) out...... 60. G/B 20 ess ws BS in, (6) OUl | sion 60.6/3 Divs 
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Figure 3. 


Balancing the Board 


After experimenting with the pro- 
cedure of balancing a load flow study on 
the a-c board, the quickest method dis- 
covered to date is as follows: 


1., Starting at points of heavy input to the 
system either from generating stations or 
interconnection points, set up the approxi- 
mate Ey and Ey, components which should 
exist at these busses. Since in the usual 
transmission circuit or transformer the flow 
of power will be influenced primarily by 
difference in Ey voltage level and the flow of 
reactive will be influenced primarily by the 
difference in Ep voltage level, go through the 
network and set up estimated Ep and E, 
components at all busses. This means that 
the E, and E, voltages at load busses remote 
from sources will be at lower voltage levels, 
and those closer to the source points will be 
at higher voltage levels. 
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Typical load flow problem solved on new type resistance board 


2. Assuming that little is known about the 
load flow in the network being studied, 
usually the voltage at the generating sta- 
tions is to be held at some particular level. 
Maintain the voltage at these points and 
adjust the Ep and Ey voltages at the next 
adjacent busses until the desired output is 
obtained from each source. Knowing that 
circuits set up with large values of M and N 
will not change their flow much with large 
changes in voltage level, a mark can be 
placed through these circuits on the reading 
diagram and thereby form smaller network 
subdivisions. Going back to the busses 
adjacent to the major source, each bus is 
read and its Ey and Ey voltage adjusted 
until the loading is approximately correct. 
This reading and adjusting can be done 
quickly and after going from bus to bus in 
the loops of the smaller subdivision an 
approximation of the loading is obtained in 
several times around, The same procedure 
is then followed in the other subdivisions of 
the network until they all have an approxi- 
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mate balance. Then working the busses in 


the fringe areas of the subdivisions will — 
bring the entire network into approximate 
After this has been accomplished _ 


balance. 
it is usually necessary to run through the 
entire network and make minor adjustments 


to bring the network loading into a close 


balance. 


It must be emphasized that this type of 


board is not brought into balance quickly _ 


by carefully reasoning out each step in 
the voltage adjustments. The board can 
be balanced quickly if the simple pro- 


cedure of reading and adjusting each bus | 


in turn is followed without hesitation. 


After a few studies have been com- 


pleted on a particular network, even 
though major changes in connections or 
loadings are involved, time for balancing 
may be reduced by first setting up the #, 
and E, voltages of the previous study 
which is most similar to the new study. 


Limitations of A-C Board 


As previously noted the present a-c 
board illustrated by Figures 1 and 2 is 
designed to make load flow and voltage 
studies of the type illustrated by Figure 3, 
but it does not provide for making short 
circuit or transient stability studies. The 
limitation was purposely built into the de- 
vice because the company has a d-c board 
for short circuit work, and it is expected 
that both boards would be in almost con- 
stant use making their respective types of 
studies. Also it was believed desirable to 
use a minimum number of resistors of 
large wattage in the a-c board so that the 
base currents would be high enough to 
actuate a conventional type of wattmeter 
without amplifying the currents, This 
was done, but because of it the amount of 
fixed wiring and the number of plugging 
panels was much greater than it would 
have been if individual small rheostats 
and vacuum tube amplifiers had been 
used. Since the 1943 paper! described 
how the number of resistors could be kept 
to a minimum by using the same resistors 
over and over again in setting up a load 
flow study, this discussion will not be re- 
peated here. 

Another limitation which has shown up 
in the operation of the board is that of the 
range of the Z, and £, voltage plugging 
board. At the time the design was worked 
out line and transformer loadings were 
much lighter and, therefore, the phase 
angle differences between the voltages at 
the extreme ends of the system were much 
less. Under the design conditions the 
+9?/; per cent range for the E, and E, 
voltages would take care of almost all of 


the required bus voltage components. — 


It was expected that only a few E, com- 
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ponents would require the use of the 
buck or boost voltages which are available 
on the board. Actual experience shows 
that there are enough /, voltages requir- 
ing more than the +9?/; per cent range, 
that the board would be easier and faster 
to operate if this range were doubled. 

Another limitation which preliminary 
design computations did not indicate was 
the fact that 1/3 per cent voltage steps 
are too large to give a close adjustment on 
the bus loadings, when the busses are 
connected together through very low im- 
pedance circuits. Therefore, in some 
cases it is necessary to be satisfied with 
bus loadings approximating the desired 
values and make the total load on the 
several busses closely linked together 
equal to the total desired. This condition 
has little effect on the over-all accuracy of 
the network study, but it would be better 
if the voltage steps were reduced to 1/4 or 
1/5 per cent instead of the 1/3 per cent 
on this board. 


The present board has no provision for 
inserting buck or boost autotransformers 
in loop circuits where several transformers 
in the loop circuit may be set on different 
ratios. This feature could be added. Itis 
not essential, because the effect of buck or 
boost is readily available on the present 
board if two busses are set up to repre- 
sent one and the voltage components on 
the two busses are always adjusted to- 
gether, taking into account the amount of 
buck or boost desired. This procedure 
requires the reading of the two busses 
separately and adding them together to 
obtain total loading on the bus being 
simulated. This limitation has not 
slowed down the operation of the board. 


Although it should not be called a 
limitation, because the design is adequate 
for the needs, the present board will not 
set up more than eight circuits on any one 
bus. If this requirement is exceeded it 
will call for the use of more than one bus 
to simulate the larger bus and the separate 
readings added together to give total bus 
loading. 

An oversight in design, but not a 
limitation insofar as board operation is 
concerned, is indicated by the way the 
component parts were grouped. Both 
the amount of fixed wiring and the labor 
of installing could have been reduced 
greatly if the board had been designed 
with eight identical circuit units complete 
with associated relays and plugging 
panels. In the present board the circuit 
resistor plugging panels are grouped, the 
network plugging panels are grouped, and 
the circuit relays are grouped, which re- 
quires a very large amount of inter- 
cabinet wiring. This could have been 
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eliminated if the unitized design had 
been used. 


Modified Design of Resistance Type 
A-C Board 


The limitations of this first board have 
been explained and now a discussion of a 
modified design is presented. 

It has been shown that the resistance 
type board accurately solves the real and 
reactive power equations for network cir- 
cuits and bus loadings, providing the 
proper E, and £, voltage components are 
established at all busses or junction points 
in the network. If, asin the case of short 
circuit studies, a source of voltage is set up 
behind the M and N constants of the 
synchronous machines, and a single load 
is placed at the point of fault on the net- 
work, the current flow through the M@ and 
N resistors will be accurate if the X/R 
ratio of all circuits is the same. The flow 
will be only approximate if the X/R 
ratios are different. Computational checks 
indicate that in most networks the X/R 
ratios vary enough so that setting up Z 
values instead of M and JN constants will 
give more accurate distribution and values 
of short-circuit megavolt amperes. 

The modification required to make the 
load flow board useful for short-circuit 
studies is not great. In anew preliminary 
design the size of the unit would be no 
larger than the present board. The cost 
of the component parts would be about 
the same, but the labor of construction 
would be reduced. 

The principal points of change in the 
modified design are: 


The large wattage resistor units with 
associated circuit M and N plugging panels 
would be eliminated and replaced with 25- 
watt rheostats grouped into four identical 
sections. These sections would also provide 
for the associated network plugging. For 
example, if the design is for 100 load flow 
circuits, each of the sections would contain 
100 rheostats, a total of 400 rheostats. 
Also if the board design had 60 load flow 
busses, each section would contain 60 
busses, a total of 240 busses. The 400 rheo- 
stats and the 240 busses could be used for 
setting up the sequence networks for short- 
circuit studies. 

Instead of using bus lever switches which 
function to impress Ey voltage component 
on one M and one JN network and simul- 
taneously impress Hy voltage component on 
the second M and second N network, bus 
relays would be used. Two relays are re- 
quired per bus with one for EZ, and the other 
for Ey, voltages. Each bus would be 
limited to four circuit positions. With the 
modified design it is possible to group as 
many busses together as required to set up 
larger busses and to read them as one bus. 
Each bus would have one bus push button, 
which when depressed would pick up the 
two relays associated with the bus. In 
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addition to the bus push buttons, five addi- 
tional buttons would provide the selection of 
total bus reading and the four circuits 
available at each bus. For short-circuit 
studies selectivity for reading any one of the 
400 circuits is obtained by means of four 
push buttons and four relays per section, a 
total of 16 short-circuit push buttons for the 
board. A double-throw transfer switch 
would energize the source side of the push 
buttons and in one position it would be for 
load flow operation and in the other position 
it would be for short circuit studies. 


The foregoing modification does make 
the board completely flexible. For load 
flow studies the operation of the load flow 
push buttons pick up all of the necessary 
relays to provide either bus or circuit load 
flow readings as selected. For short- 
circuit studies the individual circuits, in 
each of the four board sections, can be 
selected and read by operating the short- 
circuit push buttons. 


In the modified design the current 
capacity of the circuit resistances is reduced. 
Thus the burden imposed on the circuits by 
the instrumentation must also be reduced by 
the use of two vacuum tube amplifiers to 
produce adequate J, and J, currents for the 
2-element wattmeter. The wattmeter will 
serve better than the usual ammeter for 
short circuit studies because of the uni- 
formity of its scale. Therefore, no changes 
are contemplated in the instruments other 
than eliminating the wattmeter used as a 
voltmeter. Instead use a second watt- 
meter with an associated “Jn-Out’’ switch 
for measuring per cent megavars so that 
both real and reactive power can be read 
simultaneously. This change will further 
speed up balancing the board when making 
load flow studies. 


In connection with instruments, the 
“load flow’’-“‘short circuit’? transfer 
switch must provide separate contacts to 
connect E, and E, potentials to the P and 
Q wattmeter elements, when in the ‘“‘load 
flow’ position. In the ‘‘short circuit” 
position H, would be disconnected from 
the P wattmeter and #, connected to both 
elements of thisinstrument. To make the 
Q wattmeter inactive E, and E, would be 
disconnected from its potential coils. 


Modified Design, Voltage Set Up 
for Short Circuit Studies 


Since the procedure would be similar to 
that used for short-circuit studies on the 
conventional d-c board only a brief ex- 
planation will be given showing how the 
board voltage can be selected and set up. 

The board wattmeter will read per cent 
megavolt-amperes by solving the equation 
E,(V,/Z) in which V,=£, so that per 
cent megavolt-amperes = E,”/Z. 

As an example assume that the circuit 
impedance values are set up on a 100- 
megavolt-ampere base and the maximum 
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range desired is 2,500 megavolt-amperes 
(2,500 per cent). Therefore, 100 per cent 
on the wattmeter is to be equal to 2,500 
megavolt-amperes. At 100 per cent 
voltage the equivalent system impedance 
to the 2,500 per cent fault is (100)?/2,500 
=4 per cent. To read 2,500 per cent on 
the 100 per cent scale of the wattmeter 
will require a reduction in base voltage 
to 20 per cent because with this voltage 
per cent megavyolt-ampere = (20)?/4= 100 
per cent. 

For line-to-ground faults, if Z, and Z, 
are considered set up at one-half value 
on the rheostats for Z, and Zo is also set 
up at one-half value, then with the d-c 
board and its reading ammeter the volt- 
age would be increased to 1.5 times the 
base voltage used for 3-phase faults. 
However, due to the use of a wattmeter 


the reading increases as the square of the 
voltage so that on this board if 20 per cent 
is used for 3-phase faults the board voltage 


would be increased to V1.5 X20 =24.5 
per cent for line-to-ground faults. 


Conclusions 


The new type resistance board de- 
scribed in this paper is small, relatively 
inexpensive, and will solve complex net- 
work load flow studies quickly and ac- 
curately. These facts are based upon 
actual operating experience with the re- 
sistance type load flow board. 

Although the resistance type a-c board 
now in operation does not have facilities 
for making short-circuit studies, the 
writer has deviseda design which will make 
short-circuit studies as well as load flow 


? 


studies without increasing size jor cost. 


A-c boards of this type should ade- 
quately fill in the wide gap now existing 
between the d-c boards and the conven- 
tional a-c analyzers and calculators. The 


cost of units of this type should be about — 


that of a mile or two of 60-kv wood pole 
line. Certainly the advantage of having 


such a device at hand to quickly and ac-_ 


curately check on planning procedure 


should pay off its cost in a short time. 
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Discussion 


Glenn W. Bills (Bonneville Power Adminis- 
tration, Portland, Oreg.): It is pleasing to 
read that this a-c board has fulfilled the 
promise it offered when it was still in the 
paper stage. Particularly impressive is the 
comparison of computed values with actual 
board readings. It indicates that the accu- 
racy of the board is on par with the more 
expensive standard a-c calculating board. 

It would appear that this a-c board would 
require a greater time for making a plugging 
diagram, setting up the board and balancing 
than would the conventional a-c analyzer. 
However, for utilities that normally study 
only their own system, this objection is not 
serious since the system being analyzed 
would be the same except for gradual 
changes. 

A question that arises concerns the effect 
the metering had on the values of power 
being read since direct reading meters are 
used. Is it better to keep metering simple 
and possibly introduce slight errors under 
same conditions or should amplifiers be used 
in conjunction with meters to give greater 
accuracy? 

Many utilities should find this simple a-c 
board perfectly fitted to their needs since it 
can be so constructed as to be suitable for 
both short-circuit and load-flow studies and 
will cost but one tenth that of a standard a-c 
network analyzer. 


Waldo E. Enns: The discussion by Glenn 
W. Bills indicates that he believes that a-c 
calculating boards of the type described in 
the paper could provide many utilities with a 
low cost means of making their own load 
flow and short circuit studies. The ex- 
perience that has been gained on this type of 
board by the Portland General Electric 
Company engineers substantiates this be- 
lief. 

In comparing the relative speed of setting 
up and balancing the resistance type board 
with the conventional type a-c board, it is 
necessary to consider several factors. The 
author believes that the resistance type can 
be set up as fast, or faster, than the conven- 
tional type because there are no load units to 
connect and adjust, also there are no gener- 
ators to connect. In the range of network 
studies which might be classified as rela- 
tively simple to moderately complex it is be- 
lieved that the resistance type requires less 
man-hours than the conventional type. 
One reason for this belief is that this board is 
controlled entirely with one operator at the 
desk whereas with the conventional type it is 
usual to have several assistants to make ad- 
justments to loads and generators remote 
from the desk. For studies of load flow in 
large and very complex networks with large 
phase angle differences between various sec- 
tions of the network there can be little 
doubt that the conventional type of a-c 
board can be balanced faster than with this 
board. However, even in such cases, the 
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man-hour requirements may be quite com-_ 


parable because of the group of operators 
required to balance the conventional type. 
In these very complex studies the operator 


of the resistance board must be very alert 


and experienced in its operation in order to 


obtain a balance comparable in time with — 


that which can be made with the conven- 


tional type. 


Mr. Bills raises the question as to the use — 


of direct reading instruments as compared 
to amplifier fed instruments. At this time, 


the author is not qualified to judge which is — 


the better method. The use of amplifiers 
would permit the use of smaller resistors or 


i eyes 


rheostats and would reduce the size of the © 


board but they would increase the mainte- 
nance problem somewhat. 


On the basis of | 


tests made with the present board plus 


further analysis of the instrumentation — 
problem it has been determined that accu- 


racy quite comparable to that obtainable 
with high quality amplifier fed instrument 


could be obtained by elimination of the 


multiwinding current transformers from the © 


current circuits. To do this, it will be 


necessary to use a 4-element wattmeter or — 


electrically separate Ep and Ey voltages by 
the use of two voltage component trans- 
formers instead of one. The use of ampli- 
fier fed instruments would make it possible 


to use separate watt and var instruments — 
without having excessive burden and also it © 


would be possible to have a wider range of 
scales. Both of these features are desirable. 
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Insulation Co-ordination and a New Line 


of Oil Insulated Potential Transformers 


Fd VOGEL 


FELLOW AIEE 


GENERAL CONSIDERATIONS * 


HE development of a new line of 
potential transformers, featuring 
lightweight and small space requirements, 
while incorporating all the necessary 
operating characteristics, demands the 
consideration of factors, other than the 
minimum published standards. The new 
line, described here, gives considerations 
given to various features by the designer. 
In the design of oil-immersed equip- 
ment it is necessary to build in the ap- 
paratus the ability to perform over and 
above the minimum recognized require- 
ments. In the distant past the require- 
ment of a certain voltage test to ground 
was made. This l-minute low-frequency 
test, demonstrated certain insulation 
strength but told very little about the 
ability of the design to stand steady stress, 
impulse disturbance, or ordinary con- 
tinuous service. 

An intensive study was made of in- 
sulation assemblies to determine the 
highest 60-cycle dielectric strength to 
ground, at the same time obtaining the 
best impulse characteristics and the 
ability to withstand steady 60-cycle volt- 
age. 


Discussion OF DESIGN 


In previous papers, the shapes of the 
impulse voltage characteristics of insula- 
tion assemblies have been given. For a 
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given 60-cycle strength some representa- 
tive values are shown in the curves of 
Figure 1. 

Considering these various curves on 
Figure 1, curve 3 would give the mini- 
mum clearance for a given 60-cycle 1- 
minute test. This curve applies to some 
conditions in a transformer, but the 
arrangements giving results as shown in 
curves 1 and 5 give the 60-cycle test 
clearances generally used and are most 
representative. 

Curve 1 in Figure 1 is merely repre- 
sentative and it can have less turn-up 
for the short times. A study was made so 
that the best characteristics were ob- 
tained. The results of a barrier test, 
where the tests were made with steep 
front and full 11/:-40 waves, and at 60 
cycles are shown in Figure 2. Insulation 
assemblies giving this shape of time lag 
curve are desirable. 

One reason why this type of insulation 
was considered desirable was because of 
its ability to withstand steady stress. 
Figure 3 shows some of the possibilities of 
insulation assemblies to stand such stress. 
There are two reasons why insulation may 
not stand long continued stress. One is 
because corona is formed adjacent to the 
insulating materials. Trees result and 
progress until failure occurs. The other is 
because heat is formed due to dielectric 
losses and eventually burns up the in- 
sulation. In the construction of curves 
1, 2, 8, and 5 of Figure 1, it was assumed 
that clearances avoiding corona would be 
used. There is, incidentally, no require- 
ment that such construction be used. 
Figure 3, then, considers only the case of 
heat failure. In order to approach the 
values shown for curves 1, 2, 4, and 5, 
it is necessary that the space be broken 
up into ducts, and that no great mass of 


solid material be used. Heat failure can 
then be avoided. 

Another reason why it is desirable to 
break the space into ducts, is that in 
operation the power factor of the oil and 
material may increase. If the insulation 
is solid, and the power factor increases, 
heat failure will result at a lower voltage. 
If the insulation is broken up into ducts, 
the increased power factor will have little 
effect. The shape of curve 3 in Figure 3 
indicates why the power factor of cable in- 
sulation should be very important. In 
assemblies having the characteristics 
shown in curves 1, 2, 4, and 5 of Figure 3, 
the voltage stress is largely in the oil or 
oil ducts, and hence the dielectric strength 
varies very little with temperature, but 
assemblies similar to that shown by curve 
3 would be greatly affected by tempera- 
ture. 

Although it was stated before that 
Figure 3 had in mind only the case of 
“heat” failure, it is somewhat similar to 
that obtained by extreme conditions as 
affected by corona. The upper curve 
would be that for no corona present at 
test voltage. With corona present, failure 
from treeing would result after different 
times depending on the voltage. Such 
failures have occurred a month or so after 
being in service in spite of meeting speci- 
fied 60-cycle 1-minute tests. 

It is obvious that both the insulation to 
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Time lag curves of typical insula- 
tion assemblies 


Figure 1. 


Square corners well insulated 
Square corners with no insulation 
Solid insulation of some types 

Oil gaps and ducts 

Square corners with slight insulation 
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Figure 2, Time lag curve of typical barrier. 


Comparison of gap and insulation curves 


1, Insulation barrier tested with 17'/zinch 
44ap 
9, Typical time lag curve for 17-inch gap 
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Fiqure 3, Ability of insulations to stand con- 


tinuous stress, Curve numbers refer to the 

same conditions of Figure 1, Curve 3 varies 

greatly, depending on power factor, tempera~ 
ture and thickness of insulation 


Figure 4, Typical coil assembly section 
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ground and the insulation within the 
windings are nearly independent, It was 
estimated that the use of four coils would 
very good yoltage distribution 
within the The insulation 
between layers characteristics 
similar to curve 3 of Figure 1, $0 it was 


give 4 
winding, 


has 


necessary to determine this on the basis 
of the highest surge voltage to be ex- 


pected, Referring to curve 1 of Figure 1, 
if at 1,000 ky per microsecond the impulse 
ratio of the insulation to ground was four, 
the insulation between layers as a whole 
was made to withstand this impulse 
voltage rather than the 60-cycle or in- 
duced 120-eycle voltage. In general, the 
layer insulation and coil-to-coil clearance 
are determined in this way. The amount 
to be gained by reducing this to American 
Standards Association levels does not ap- 
pear to be worthwhile, and the coil in- 
sulation was made slightly stronger than 
that to ground, even allowing for the ex- 
cess stress if the transformer were ex- 
cited, 

With the foregoing general design condi- 
tions insmind, tentative dimensions were set 
up, the windings were calculated, and the 
ratio and phase angle also were calculated, 
‘The design of the coil insulation was made 
up to provide a maximum of ventilation 
consistent with minimum dimensions, 
To assist in this, special formed pieces of 
insulation were developed and the design 
especially rugged mechanically, 
shows how the formed parts in- 
to hold the eoils together, and 
Vigure 5 shows 


made 
Vigure 4 
lerleave 
ell) provide ventilation, 
a typical coil assembly, 

~ Another consideration was the tank and 
bushing assembly, The tank was made 
round to fit close to the coil assembly, in 
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Figure 5, Assembled core and coils, 69 kv unit 
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order to reduce weight and amdunt of 
oil. The porcelains were made to mee 
the 60-cycle wet and dry tests specified by 
standards of the American Standards As- 
sociation and in particular to exceed the 
full wave standards by an adequate mar- 
gin. It is extremely undesirable to barely 
meet this latter if impulse tests are re- 
quired, Nothing is more frustrating,than 
to try to make full wave tests on trans- 
formers and have bushing flashovers. % 

Four sizes of these units were made— 

25, 34.5, 46, and 69 ky ratings. Quite 
comprehensive insulation tests were made 
on the 34.5 kv and 69 ky ratings, and 
these results and other performance re- 
sults follow. 


Insulation Test Data 


Tests on 69-Kv Unir 


According to the American Standards — 
Association rules, these transformers — 
should withstand 140 ky for one minute, 
350 ky full wave impulse voltage, and 400 — 
ky chopped wave after three micro-— 
seconds. Referring to Figure 2, and. 
ratioing the values down, the coreand coil 
structure should then stand 140 ky for one 
minute, about 420 ky full wave or chopped — 
wave to 3 microseconds duration. Cor-— 
respondingly, it should also be protected 
by a 14-inch gap for steep front surges 
with rates of rise of 1,000 ky per micro- — 
second at about 700 kv. 2 

Actually, the design allowed for a — 
factor of safety for commercial work, and 
three 60-cycle tests of 165 ky were ap- 
plied for one minute without any sign of 
failure, These same units were then 
given impulse tests at 350 kv full wave, 
and 400 ky chopped wave, and also steep 
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Figure 7. Typical oscillograms of impulse tests—69-ky unit 


Oscillogram 4648—Steep front test with 141/2-inch rod gap 
Oscillogram 4380—Chopped wave test 


Oscillogram 4384—Full wave test 


Oscillogram 4650—Steep front test with 20-inch rod gap 


Oscillogram 4292—Full wave tests 
Oscillogram 4412—Lead flashovers 
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Figure 8 (above). Variation of 60-cycle 
strength of insulation with time 
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front tests at over 700 kv were applied 
with a rate of rise of 1,000 kv per 
microsecond or more and a 14-inch rod 
gap. 

One of these transformers then was 
tested and a time lag curve of the porce- 
lain lead was obtained, for both positive 
and negative waves. These are shown on 
Figure 6. It will be seen that the porce- 
lain leads have a satisfactory margin for 
full waves over the 350 kv value re- 
quired, and still flash over well below the 
actual transformer strength. 

The unit was then given steep front 
wave tests using from 14.5 inch up to 
19.5-inch rod gaps at voltages up to 867 
ky. Twenty-five shots were given at 
each gap setting to insure that failures 
due to ‘deterioration’ did not occur. 
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Figure 9. Typical oscillograms of impulse tests—34.5-kv unit 


Oscillogram 3501—Steep front test 7-inch rod gap 
Oscillogram 2582-3—-Chopped wave tests 
Oscillogram 2582-6d—Full wave tests 

Oscillogram 3502—Steep front test 9-inch rod gap 


Oscillogram 2583—Full wave tests 
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Figure 10. Potential transformers designed for insulation co-ordination. 
Primary voltage ratings —24,000, 34,500, 46,000, and 69,000 


Figure 12 (right). Typical performance of 69,000-115 volt potential 
transformer for 0.3 accuracy class 


Oscillograms taken during the progress 
of these tests are shown on Figure 7. 

If the data on Figure 3 were correct, it 
should be possible as far as the insulation 
is concerned to operate it at about 130 kv 
continuously. Actually, due to the flux 
density used, it was not possible to ex- 
ceed 90 kv excited at 60 cycles with one 
terminal grounded, Operation at 90 kv 
with one terminal grounded for a period 
of one month indicates that there was 
neither deterioration from corona, or from 
heating at that voltage. Even this, how- 
ever, indicates that there can be plenty of 
margin so far as ability to stand steady 
stress to ground is concerned on a 69-ky 
line, even with one terminal grounded. 

The specified 60-cycle l-minute hold 
tests and 10-second wet hold 
bushings do not exactly apply, since the 
outlet leads really are a part of the trans 


tests for 


former and can not be tested separately. 
Nevertheless, it has been shown that the 
time-voltage curve for this type of in 
sulation is about as shown on Figure 8. 
Consequently, for 10 seconds it should 
hold about 20 per cent higher voltage 
than for one minute, or about 195 kv. 
Therefore, the wet 10-second hold for the 
porcelain lead could be and was made 
with the transformer 
sembled, at 145 kv. 


completely as 


TESTS ON THE 34.5-Kv TRANSFORMER 


The tests on the 34,5-ky transformer 
were made similarly. The details of the 
design were similar, The units withstood 
90 ky for one minute. Tull wave tests 
were in excess of the 200 kv and 230 ky re 
quired as shown by the oscillograms, 
Nigure 9. Steep front tests using 1,000 
ky per microsecond fronts were made 
with gaps up to 9 inches and 486 ky, also 
shown on Figure 9. 


The 34.5-ky unit was excited for two 
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weeks at 50 kv with one terminal 
grounded, with no sign of distress. In 
this case the ground terminal was con- 
nected to the case through a radio fre- 
quency choke, and the voltage across the 
choke applied to a cathode-ray oscillo- 
graph with a high gain to show that no 
corona existed. 

Similarly, wet hold tests at 60 cycles for 
10 seconds were made to show that these 
requirements were met, 


DISCUSSION OF TH INSULATION TESTS 


The tests indicate that the impulse and 
l-minute hold tests do not necessarily 
bear any fixed relation, and that the 60- 
cycle 1-minute test will not necessarily 
insure which will withstand 
continuous voltages. However, it is be- 


insulation 


lieved that the structures having proper- 
ties close to curves | and 5 of Figure | give 
reasonably small dimensions, and in ad- 


Figure 11. 
attaching porcelain leads and sealing case 


End view of transformer before 
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dition can be ventilated so that high con- 
tinuous stresses can be withstood. 
Dry-type units with solid insulation or 
even oil-insulated units and bushings with 
solid insulation, may be subject to heating 
and heat failure, and this must be con- 
sidered if operation occurs at overvoltage 
for long times and in high temperatures. 


ELECTRICAL CHARACTERISTICS 


The ratio and phase angle performance 
of the line was calculated by well known 
methods which require no discussion. 
The performance of these transformers is 
listed as 0.3W, 0.3X, 0.3Y, and 0.3Z as de- 
fined in publication C-57 of the American 
Standard Association.!. The output, not 
exceeding a 55-degree centigrade rise, 
varies from 3 kva in the 24,000-volt 
transformer to 6 kva in the 69,000-volt 
transformer, 

Vigure 12 illustrates the average per- 
formance of transformers of the 69,000- 
volt class. The best accuracy specified for 
potential transformers for metering pur- 
poses is defined as the 0,3 class. The 69- 
kv design has performance characteristics 
well within the limits, even when ex- 
tended to include a secondary burden of 
400-volt amperes. 


MECHANICAL CONSTRUCTION 


Vigure 10 illustrates four transformers 
of a line with primary ratings of 24,000, 
34,500, 46,000, and 69,000 volts for 60- 
cycle operation, Figure 11 is an end view 
of the element and case before final seal- 
ing. At this stage of construction the 
transformer is subjected to a drying proc- 
ess which is continued until an insulation 
power factor reading of less than 1 per 
cent is obtained. ‘The end plate is then 
welded in place and the porcelain leads 
assembled, A completely sealed unit is 
obtained by pressure plates bearing 
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| against oilproof gaskets, contained by 
| carefully machined surfaces. Oil is ad- 
| mitted into the transformer under vacuum 
| to the proper level. One magnetically 
| operated type oil gauge is supplied. 

| It is essential that the transformers be 
installed on a horizontal base for the 


] 


proper operation of the oil gauge and to in- 
sure equal oil levels in the porcelain leads 
with pressure changes, caused by tempera- 
ture variations. Physical dimensions of 
transformers are shown in Table I. 


Conclusion 


A method of design and co-ordination 
of insulation in primary leads, primary 
coils, and insulation to grounded parts 
has been described. 
been given, proving that the designs are 
equally able to withstand standard full 
wave and steep front impulse tests, have 
ample coil insulation and 60-cycle in- 


Test results have 


Discussion 


E. C. Wentz (Westinghouse Electric Corpo- 
ration, Sharon, Pa.): The oil-poor type of 
construction described in Mr. Vogel’s and 
Mr. Laib’s paper is not entirely new, as the 
paper states, but the transformer described 
in the paper has many new features which 
indicate a fresh approach to the design 
problem. ‘The test results indicate that it 
has produced a satisfactory result. 

The Germans pioneered this oil-poor type 
of design more than 20 years ago presum- 
ably because the low material and oil con- 
tent of this sort of design was particularly 
attractive to them. It was not particularly 
attractive to American manufacturers be- 
cause of its high hand-labor content, but 
was adopted by one American manufacturer 
about 1943. Its popularity with operators 
was astonishing; apparently the small size 
and weight were particularly attractive to 
them. 

It was because of this popularity that we 
worked out an oil-poor design which re- 
sembled the European design only super- 
ficially but actually represented an entirely 
new approach to the insulation design prob- 
lem to avoid the high hand labor content. 

Now Mr. Vogel and Mr. Laib present 
what seems to be an even more independ- 
ently American design, embodying still 
different approaches to the insulation design 
problem. 

But, as the paper states, the transformer 
itself is secondary to the insulation theory. 
The paper makes the point that because of 
the ventilation of the insulation, it can op- 
erate at higher continuous 60-cycle stress. 

Mr. Vogel’s background of insulation de- 
velopment is probably as extensive as that 
of any insulation engineer in America, and I 
should like to ask him if the 60-cycle test 
was not originally considered to be a test to 
show, among other things, that heat failure 
would not occur at normal voltage. Ad- 
mittedly we now know that it is not always 
effective, but my impression is that this was 
part of the original philosophy. Certainly 
it is true that if the dielectric losses are 
really high, failure can occur during the 60- 
cycle test. 

Our experience is that if potential trans- 
former insulation is adequately dried and 
impregnated, the insulation dryness being 
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adequately checked, the measured values of 
dielectric loss are much too small to produce 
any cumulative heat failure regardless of 
whether the insulation is ventilated or not. 

The 60-cycle test was also believed to be a 
check against corona failure; that is, if 
sufficient corona did not occur at test voltage 
to cause failure in the short test time, it was 
hoped that no destructive corona existed at 
normal voltage. Nowadays we consider 
that corona should not be perceptible even 
during impulse tests so that we should 
hardly be too concerned about corona at 
normal voltage. 

The fact that solid cable insulation worked 
at stresses much higher than those used in 
transformers have served successfully for 
many years confirms the value of solid in- 
sulation. 

The conclusion which can be drawn from 
the paper and this discussion is that corona 
and heat failure are not quite such a problem 
as the paper would lead us to believe, but it 
is true that a ventilated construction per- 
mits better cooling if this is necessary to the 
design. We see nothing to necessitate its 
use in voltage transformers if the insulation 
used has inherently low power factor and is 
adequately dried, 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago): Some of the discussers 
mentioned that low-oil-content apparatus 
were introduced in Europe as late as 15 
years ago in/order to save material, espe- 
cially oil. Stich reasons have been given in 
the American press repeatedly; but they 
are, nevertheless, not the real reasons. 

Low-oil-content instrument transformers 
were available commercially in Germany 
in the early twenties, nearly 80 years ago, 
and I believe that these types had been de- 
veloped in Berlin by Dr. George Keinath 
and his associates, 

The real reason for developing low-oil- 
content apparatus in Europe in the early 
twenties was the recognition of the fact that 
oil may lead to fires and that large oil quan- 
tities increase greatly the damage resulting 
from such fires. Oil was available at that 
time from nearby oil fields at reasonable 
cost and in unlimited quantities. The need 
for designs without oil, or with low oil con- 
tent, was recognized by a number of engi- 
neers who had enough foresight to try and 


Ventilation of 
insulation parts is provided and it has 
been shown by test that the assembly can 


sulation characteristics, 


excitation at 30 
per cent over the line voltage to ground. 


withstand continuous 


The core and coils are housed so as to 
give a light weight assembly occupying 
small space while developing operating 
characteristics well within the best meter- 
ing accuracy specified by present stand- 
ards, 


Reference 


1, TRANSFORMERS, REGULATORS AND RRACTORS 
C57.1, American Standards Association (New York, 
N. Y.), 1948 


change the trend in a direction which is now 
appreciated all over the world, The results 
of their systematic planning were the low 
oil-content instrument transformers — of 
Keinath, and the air-blast circuit breaker of 
Biermanns and Ruppel. However, there 
were no economic reasons involved since oil 
was cheap and plentiful, 

I am certain that Mr, Vogel remembers 
these early developments, and Tam wonder 
ing if he would care to comment on the fact 
that we in this country have started not 
more than a few years ago to develop these 
new improved instrument transformers with 
greatly reduced oil content. 


G. Camilli (General Electric Company, 
Pittsfield, Mass.): It is very gratifying 
that the trend in design initiated by the 
General Electric Company is being followed 
by other manufacturers, In 1948 with our 


Comparison between new and old 
General Electric 69-kv potential transformers 


Figure 1. 
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type H-236 a new line of potential trans- 
formers was introduced! in which the 
arrangement of parts was designed to permit 
the maximum utilization of insulation cop- 
per and iron. These transformers, see 
Figure 1 of this discussion, have but a frac- 
tion of the size and weight of the older de- 
signs which followed the design practice of 
small power transformers. The weights, 
volumes, and floor space of the transformers 
described in the paper by Messrs. Vogel and 
Laib appear to be comparable with those of 
our early development. 

The authors have devoted a good portion 
of their paper to the type of insulation struc- 
ture used in their designs. They wish to 
indicate that the open type of insulation, oil 
ducts in series with solid barriers, has certain 
advantages over the all solid type of insula- 
tion. 

Test arrangements for either type of insu- 
lating structure can be devised to fit any of 
the curves shown in the paper. Much de- 
pends on the history and treatment of the 
insulation. Thus it can be shown that 
either type of structure may follow the 
characteristics shown in curve 3 of Figure 3 
of their paper if either the liquid or solid 
has been contaminated or contains mois- 
ture. 

‘In 1924 Messrs. Vogel and Montsinger 
published the results of their investigation 
on the effect of time on the strength of insu- 
lation.2* They found that, “The effect of 
time on the strength of solid insulation and 
oil in series is about the same as for solid in- 
sulation alone until the oil distance exceeds 
the solid insulation thickness after which it 
begins to be the same as for oil without 
barriers.” 
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Figure 2. Relative dielec- 
tric strength of oil impreg- 
nated solid insulation and 
combined insulation, solid 
and free oil ducts in series 


For a given spacing and electrode con- 
figuration the 1-minute (60-cycle) dielectric 
strength of solid insulation is much higher 
than that of an insulating structure of the 
same total spacing and electrode configu- 
ration and in which the spacing is broken up 
with one or several oil ducts. This is shown 
in Figure 2 of this discussion which shows 
the results of tests made on several thick- 
nesses of crepe paper impregnated with 
Number 10-C oil using round electrodes. 

As has been pointed out by Messrs. Vogel 
and Laib, the results shown in curve 3 of 
Figure 3 of their paper depend on the power 
factor, temperature, and thickness of insula- 
tion. By the use of carefully controlled 
materials, modern methods of treating the in- 
sulation, and all-welded construction, a very 
flat power factor temperature curve is ob- 
tained and the all-solid type of insulation is 
electrically stronger than the open-type. 

The excellent performance of modern oil- 
filled paper-insulated high voltage cables 
demonstrates the validity of these state- 
ments. 

Instrument transformers in which solid 
insulation has been used, similar to the type 
described by Messrs. Vogel and Laib, have 
been built by the General Electric Company 
for the past ten years, and their service rec- 
ord has been excellent. 
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F. J. Vogel, D. R. Laib: It is interesting 


that both Mr. Wentz and Mr. Gross called 


attention to the fact that the low oil — 


content transformers were brought out 
in Europe long before those described by 
Mr. Camilli. 
recollect it, did not seem to us to be ‘Sturdy 
enough for American service then. 


At that time impulse testing had not — 


been established and there was no satisfac- 
tory standard. In 1940 or thereabouts, the 
art had progressed to the point in this coun- 
try where the oil poor design promised to be 


entirely adequate, and could be proved by 


test. I believe that is the explanation as to 
why this type of design was not used earlier. 


With respect to Mr. Wentz’s question — 


about the origin of the 60-cycle test, I can- 
not give a complete answer. 
not being entirely accurate, I believe the 
first equipment built did not meet any 


specified tests, and of course did not always t 


stand up too well. I believe that the AIFE 
established the rule of two times plus 1,000 


volts for apparatus in general, excluding pro- — 


tective equipment. This applied to rotat- 


ing equipment and transformers, whether 
dry type or oil insulated, At that time, the — 


effects of time and temperature were not 
known, I would think that the 60-cycle 
test value was chosen in hope that it would 
provide a margin for all service conditions, 
switching included, based entirely on judg- 
ment. Designers have never designed 
equipment to meet this test alone or plus a 
fixed margin, but rather have often times 


exceeded it to better meet service conditions. — 


This point of view seems to be entirely for- 
gotten now. 

Both Mr. Wentz and Mr. Camilli agree 
that corona and thermal instability are not 
problems in their designs, but nevertheless 
the present standards of the American 
Standards Association caution against ope- 
ration of potential transformers with dis- 
placed neutral, probably unnecessarily for 
oil insulated units. Also, neither furnish 
any test data to prove their point. 

Mr. Camilli furnishes Figure 2 to indicate 
the high strength of solid material for 1- 
minute tests, but does not supply informa- 
tion regarding the relative ability to with- 
stand continuous stress for long periods of 
time. It is of interest that the voltage 
stress which can be held for a long time is 
greatly reduced for solid insulation as can be 


These European designs, as I | 


At the risk of © 


found in several articles and texts, and is — 
also greatly affected by the power factor. — 


Ventilation greatly reduces the effect of 
power factor in lowering the long time 
strength, 


The great effect of heat, power factor, — 


and time are well recognized by cable 
engineers, and their care to keep within the 
limits imposed by these factors, determined 
by test, explains their good service records. 
Transformers, however, are relatively much 
less affected by these factors because they 
are better ventilated. \ 
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Report on Transformer Magnetizing 


Current and Its Effect on Relaying 
and Air Switch Operation 


AIEE COMMITTEE REPORT 


HEN the Subcommittee was first 

suggested it was assigned the task 
of finding out whether representative 
values of magnetizing current could be es- 
tablished, for both normal and inrush 
conditions, and also whether there was 
any consistent difference between co'd- 
rolled and hot-rolled steel. When the 
membership of the Subcommittee was 
being selected the chairman suggested 
that the work would be of much greater 
benefit to the industry if the effect of 


transformer magnetizing current on re- 
laying and air switch operation were also 
examined. 

Accordingly, three working groups 
were set up within the Subcommittee: one 
group to study the magnetizing current 
characteristics of transformers, one group 
to study its effect on relaying, and one 
to study its effect on air switch operation. 
Each group has prepared its report and 
the three together form the report of the 
Subcommittee. 


Part I. 


Magnetization Characteristics of Transformers 


AIEE Working Group* 


The effect of magnetization charac- 
teristics of transformers on relaying and 
air break switches has been a topic of 
discussion for several years. One diffi- 
culty which retarded the establishment of 
representative magnetization character- 
istics of transformers was variations of 
these characteristics that exist between 
designs of the same rating. A Working 
Group was established to study this prob- 
lem and accumulate pertinent data. It 
was hoped that such a study would re- 
sult in a group of representative mag- 
netization characteristics, or if such rep- 


Paper 51-113, recommended by the AIEE Trans- 
former Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Winter General Meeting, New York, 
N. Y., January 22-26, 1951 and at the Fall General 
Meeting, Cleveland, Ohio, October 22-26, 1951. 
Manuscript submitted November 28, 1950; made 
available for printing August 29, 1951. 


Personnel of the AJIEE Subcommittee on Mag- 
netizing Characteristics of Transformers: J. E. 
Clem, Chairman; J. A. Elzi, T. G. Gordy, S. C. 
Killian, J. H. Kinghorn, A. J. Maslin, W. E. Mar- 
ter, W. W. Perry, A. H. Powell, R. J. Salsbury, 
W.C Sealey, H. T. Seeley, W. K. Sonneman, D. W. 
Taylor, J. M. Wallace. 
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resentative characteristics could not be 
arrived at, findings with reasons for their 
variations would be made available. 

The Working Group has segregated its 
findings into normal magnetizing current 
and inrush magnetizing current sections. 
A third related subject on the calculation 
of short-circuit currents in transformers 
when a small portion of the winding be- 
comes short circuited is included in this 
report. 


Normal Magnetizing Current 


There is a tendency in transformer de- 
sign toward the use of cold-rolled core 
steel. Transformers built of cold-rolled 
steel show smaller normal magnetizing 
currents than do comparable units using 
hot-rolled steel. Since cold-rolled steel is 
the newer steel, values for cold-rolled steel 
apply to newer designs; hot-rolled values 


* Members of this group are: T. D. Gordy, 
Sponsor; J. H. Kinghorn, A. J. Maslin, R. J. Sals- 
bury, and W. C. Sealey. 
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apply to older and possibly some newer 
designs. 

Representative average values of mag- 
netizing current of single- and 3-phase 
designs are given in Table I of Part I of 
this report. These average values have 
variations for specific designs of from 
—50 per cent to +90 per cent, with a 
mean deviation of +40 per cent of the 
tabulated values. Specific values for 
particular transformers should be ob- 
tained from the manufacturer. 


Inrush Magnetizing Current 


REPRESENTATIVE AVERAGE VALUES 


Transformers built of cold-rolled steel 
have larger inrush currents than those 
built of hot-rolled steel. For interleaved 
designs, low-voltage inrush current is 
practically equal to that of the high- 
voltage, while for the usual concentric de- 
sign, low-voltage and high-voltage inrush 
currents are different. Most concentric 
designs have high-voltage windings out- 
side of the low-voltage windings; hence, 
a larger air core inductance of the high- 
voltage winding than of the low-voltage 
winding. For this reason, most con- 
centric designs have higher inrush cur- 
rents when excited from the low-voltage 
winding than when excited from the high- 
voltage winding. 

Representative average values of inrush 
magnetizing current are given in Table 
II of Part I. Values in this table are ex- 
pressed as (crest inrush current)/(crest 
full load current). Table II applies 
mostly to concentric designs; values for 
interleaved designs are approximately 
equal for high-voltage and low-voltage 
windings and fall within the ranges of 
values of Table IT. 


Table |. Representative Average Values of 
Normal Magnetizing Current for Single- and 
3-Phase Transformers 


Per Cent Exciting Current 


Kva Cold-Rolled Steel Hot-Rolled Steel 
BOOS ata cients EAD. suites ote he eaten 2.7 
ROOO. eeiceta tehs's DES RE Re OOR Tot orgel 2.0 
UUM GH oanbede DO ciate aistevetstgtee es onan Pia} 
HOROW MR Gocoacodec WeRoees ache yen 2.3 
BO) OOO se sicieerecaceers NEO ERABAR cd ebescoros 1.8 
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Table Il. Representative Average Values of 
Inrush Magnetizing Current for Single- and 
3-Phase Transformers 


Crest Inrush Current—Times Crest Pull 
Load Current 
Cold-Rolled Steel Hot-Rolled Steel 


Kya HY LV HY LV 

LOO} ree inane Wing ae rane 6:0) cans 9,4 
1,000 yan fe rere , Ve a CF er A) 
BOO ne npe Orlerres A Sripie alee Oo: Sasda's 5,7 
10,000, , Rey 2A rai a IO; alee ea ee eeu 3,2 
50,000 Ae Set DEE eRe 2.65 


These averaye values have variations 
for specific designs of from —60 per cent 
to +100 per cent, with a mean deviation 
of #50 per cent, Data given in the 
tabulation are based upon the following 
assumptions and conditions: 


i, Maximum residual flux exists in the 
transformer core at the time the trans- 
former is switched on the line, 


2, Transformer is switched on a bus having 
100 per cent rated voltage maintained, 


4. Kesistanee of transformer winding has 
negligible effeet on the first erest of inrush 
current, 

4, ‘Transformer is switched on to the line 
at the worst possible point on the voltage 
wave; that is, at the zero point of the volt- 
age WAVE, 


, Polarity of the residual flux is such that 
it is added to the alternating-current flux 
required by the applied alternating-current 
voltage, 

6, Crest inrush current is expressed as 
times crest rated load current, 


7. No load is on the transformer, 


Inrusn Current DECcRaMENT 


It is diffieult to isolate the transformer 
from the system to sueh an extent that 
decrement of transformer inrush current 
can be determined under the conditions 
for which Table IL inrush values are 
tabulated, As a result, little data on dee- 


rement of immush current is available, 


From data that are available and to serve 
as a guide, the decrements shown in Table 
III of inrush currents may be expected for 
most conventional designs. 


Errect oF System CONDITIONS ON 
InrnusH CURRENT 


To determine the approximate inrush 
current considering system impedance, 
the following procedure may be followed: 


1, Determine transformer inrush current, 
assuming an infinite bus, or with zero react- 
ance in the system. Let this current be 
I, and the transformer terminal voltage be 
Vi. 


2. Assume J, to flow through the system 
to the transformer and determine the volt- 
age at the transformer terminals. Let this 
terminal voltage be Vi’. 


3. Inrush current taking into account sys- 
tem impedance is then , 


as Vi 
I= Inf V; ) 


If it is desired to determine inrush cur- 
rent for under- or over-excitation, or 
when load ratio control under- or over- 
excites the transformer, the relation of 
step “C” may be used by letting V;,' be the 
known applied voltage. Voltage V,’ will 
be smaller than rated voltage V, for 
underexcitation, larger than V, for over- 
excitation, 


Calculation of Short-Circuit 
Currents in Transformers When 
A Small Portion of the Winding 
Becomes Short Circuited 


Such short-circuit currents are depend- 
ent upon certain conditions in, and char- 
acteristics of, the transformer, such as: 

1, Type of coil design, 


2, Ratio of number of turns shorted to 
number of turns in the winding. 


4, Location of shorted turns in the wind- 
ing; that is, in one end, in the stack center, 


ae 


Table Ill 1 


Cycles to Reach 50 Per Cent of 
Kva First Crest Inrush Value 


upon transformer design 
1,667-10,000..Maximum from 10 to 60 depending 
upon transformer design i: 
10,000-Larger..Maximum from 60 to 3,600 
pending upon transformer 

sign “ 


in one group or section, et cetera. 


4. Effective reactance limiting current in 
the shorted section. 


For many transformers, the fault cur- 
rent in the supply line due to a single 
turn fault in the winding will be less than 
10 per cent of full load current, and will 
seldom exceed full load current. 


Conclusions 


Magnetization characteristics of trans- 
formers vary over wide ranges for a given 
transformer rating, and vary with the 
rating of the transformer. These varia- 
tions are caused by differences in design — 
and steels used in the core. Representa- 
tive average values together with their 
variations have been obtained. Varia- 
tions from the average are so large that if 
magnetization characteristics of a trans- 
former are of importance, characteristics 
of that transformer should be obtained 
from the manufacturer. 

Calculations of short-circuit currents in 
transformers when a small portion of the — 
winding becomes short circuited is a com- 
plex problem not having a simple general 
solution at this time. Calculations can, 
however, be made using established for- 
mulas for self and mutual inductance. 
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Part Il. Relaying Problems Associated with Excitation Current of 
Transformers 


AIEE Working Group 


Nature of Problem 


Normal maynetizing current of trans- 
formers is far below the pickup current of 
transformer protective relays and there 
fore presents no problems in their appli- 
cation, Tnrish magnetizing current, how 
ever, may be well above pickup of over 


* Members of this group are; J, 1, Kinghorn, T, 
D, Gordy, J, A, lal, W, 1, Marter, TH, T, Seeley, 
and W, J, Sennemean, 
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current and differential relays. Overeur- 
rent relays are normally of the time-delay 
type and the time-delay setting required 
to provide selectivity with other over- 
current protective equipment is almost 
always well in excess of the duration of 
the magnetizing inrush current. The 
principal problem therefore lies in the ef- 
feet of inrush magnetizing current on dif- 
ferential relays, 

‘Transformer differential protection is 


Transformer Magnetizing Current 


based on the principle that the vector 
sum of the ampere turns in the various 
windings must equal the magnetizing 
ampere turns of the transformer. The 
steady state magnetizing current of a 
transformer is such a small percentage of 
its full load rating as to be neglected and 
for practical purposes the vector sum of 
the ampere turns is considered to be zero, 
Differential relays measure the current in 
the various transformer windings and, 
with due regard to the turn ratio of the 
windings, use the vector sum, or dif- 
ferential current, to furnish operating 
torque for the relay. Any transformer 
short circuit will produce a torque in the 
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operating direction, the magnitude of 
which will depend on the nature of the 
short circuit and its location in the trans- 
former. 

There are two general types of relays 
einployed. The first is the earlier simple 
induction overcurrent type which is 
operated by the differential current of the 
transformer bank. This type of relay is 
readily adjustable in pickup and operating 
time. The second is the percentage un- 
balance type which also is operated by 
the differential current, but has additional 
restraining windings operated by the cur- 
rent in the individual transformer wind- 
ings. This type is usually adjustable to a 
limited extent as to pickup and operating 
time and can be set more sensitively than 
the simple overcurrent relay. 

The magnetizing inrush current which 
can occur when a transformer is energized 
flows only in the winding to which the 
voltage has been applied and therefore 
appears as differential current. Its mag- 
nitude and duration depend on the total 
circuit impedance, which includes both 
the transformer bank and the system, on 
the point in the voltage wave at which 
the circuit is energized, and on the mag- 
nitude and polarity of the residual mag- 
netism in the transformer iron.! 

Transformer design has changed over 
the years, taking advantage of improved 
materials and methods. This has unfor- 
tunately brought with it increases in 
magnetizing inrush current in many 
cases. Modern transformers may have 
crest inrush current from five to 16 times 
normal crest full load current while the 
older designs seldom exceeded eight times 
full load when energized from a system 
of negligible impedance. Current of this 
magnitude is far above the pickup nor- 
mally employed for differential relays and 
will therefore cause them to operate if it 
exists for a sufficient length of time. The 
time constant of the inrush may be as 
much as ten times as great for the second 
as for the first of a pair of transformers 
switched in successively at a substation 
fed through a line with appreciable re- 
sistance.? Also the d-c voltage drop in 
the line causes a considerable inrush in 
the running transformer when the in- 
coming is switched in. 

There are a number of methods em- 
ployed for avoiding false tripping which 
will be described briefly together with 
their advantages and disadvantages. 


Relays with Inverse Time 
Characteristics 


Probably the most common practice in 
the past has been to increase the relay 
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operating time or pickup or a combina- 
tion of both so as to make the total 
operating time exceed the duration of the 
magnetizing inrush. Obviously the pick- 
up cannot be raised as high as the maxi- 
mum value of the inrush current and still 
retain a reasonable degree of sensitivity 
for detecting transformer short circuits, 
and the inverse time characteristics of the 
relay must be depended upon to provide 
sufficient delay to prevent tripping. For 
simple inverse time overcurrent relays 
considerations of unbalance current which 
exists during external short circuits usu- 
ally determine relay pickup and time 
settings which are adequate to prevent 
tripping by magnetizing inrush. 

For percentage unbalance relays this is 
not the case since external short circuits 
produce a restraining force ample to over- 
come any operating torque normally en- 
countered even with fairly sensitive set- 
tings. Normally such relays have a 
pickup of 40 to 80 per cent of bank full 
load current and with an operating time 
of 0.1 to 0.2 seconds at ten times pickup 
do not give false tripping on energizing. 
There is some indication that the wave 
shape of the inrush current alters the relay 
characteristics in a direction to reduce the 
danger of false tripping but there is no 
data available at present for evaluating 
this effect. When unusual cases are en- 
countered where inrush current is higher, 
the pickup is sometimes doubled and the 
time increased a few cycles. 

Such settings are usually determined by 
trial since data for calculating magnitude 
and duration of inrush current and for 
correlating with relay characteristics is 
seldom available. They mean decreased 
sensitivity and increased operating time 
on actual short circuits, both of which 
lessen the value of the protection. [If still 
higher current is encountered on newer 
transformers further increase in time 
setting appears to be more effective than 
any except rather large increase in pickup. 


Some Relays Using Characteristic 
Wave Shape of Inrush 


A percentage unbalance relay has been 
developed which takes advantage of the 
high content of harmonics in magnetizing 
inrush.’ The harmonics are filtered out 
and passed through an additional restrain- 
ing coil. The restraining force so obtained 
is adjusted to have a higher value than the 
operating force for the percentage of har- 
monics normally encountered. To make 
sure that it will not be improperly re- 
strained by harmonies which might occur 
due to current transformer saturation dur- 
ing a very severe transformer short circuit 
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an instantaneous element without any 
restraining windings is included in the 
turned operating circuit which has a 
pickup above the maximum magnetizing 
inrush which can occur. This relay can 
be set sensitively in pickup and short in 
time. It could conceivably be slow in 
operating on a low current fault existing 
when the bank is energized since there 
might not be enough operating torque 
until the harmonics in the inrush had 
diminished but for all other conditions it 
provides fast and sensitive protection. 


A characteristic of inrush current is that 
the half waves of current are much greater 
on one side of the zero line than on the 
other. A percentage unbalance relay has 
been developed the contacts of which 
vibrate with these alternate half cycles 
but remain” continuously closed with 
normal symmetrical current. The con- 
tacts operate an auxiliary relay with suf- 
ficient time delay to prevent operation 
during the vibrating action. The relay 
can be set about as sensitively as the per- 
centage unbalance relays previously de- 
scribed and has an operating time of 0.1 to 
0.15 second. It is delayed in operating 
when the fault current contains enough 
direct current to produce vibrating ac- 
tion. The delay in this case will usually 
be short since the direct current need de- 
lay only enough to produce half cycles of 
current equal to the relay sensitivity to 
produce tripping. 

Another relay which takes advantage 
of the characteristic offset of inrush cur- 
rent uses two polarized elements in the 
differential circuit operating on opposite 
halves of the current wave.® Both ele- 
ments must be picked up to produce trip- 
ping. The relay trips in about one cycle 
on symmetrical short circuits but is de- 
layed in action with a completely offset 
short circuit current. It has a pickup of 
about 40 per cent of transformer bank 
full load current. Since the relay is not of 
the percentage unbalance type, current 
transformer ratios must be matched 
closely to prevent incorrect operation dur- 
ing through short circuits. To avoid in- 
correct action due to saturation of current 
transformers during magnetizing inrush 
it is desensitized approximately two 
cycles after the transformer is energized 
to about double its sensitive pickup set- 
ting. Short circuits existing when a 
transformer is energized are thus tripped 
in one cycle with the sensitive setting pro- 
vided they are not completely offset. If 
not tripped in two cycles the pickup is 
doubled and a correspondingly longer 
time is required for sufficient current to 
develop in both halves of the cycle to pro- 
duce tripping. 
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Special Current Transformer 
Connections 


Differential protection of individual 
windings can be accomplished by locating 
current transformers at each end of the 
winding and connecting them differen- 
tially, This eliminates the effect of mag- 
netizing inrush entirely and the relay can 
be set sensitively and fast. It requires 
more relays and current transformers for 
the complete protection of a transformer 
bank than is the case with the more con- 
ventional arrangements. It is not readily 
applicable to 3-phase transformers and 
cannot be made to include bushings and 
connected leads on delta-connected wind- 
ings. It will not detect short circuited 
turns or winding sections, which consti- 
tute a majority of faults described in a re- 
cent report.’ 

A modification of individual winding 
protection is sometimes used with Y- 
grounded connected windings by adding 
the 3-phase currents and balancing them 
against a single current transformer in 
the connection from neutral to ground. 
This also is immune to the effect of mag- 
netizing inrush but will be affected by 
current transformer inaccuracy on phase- 
to-phase faults, It requires only a single 
relay for a 3-phase winding. It will not 
detect short-circuited turns or short cir- 
cuits between phases. 


Desensitizing Methods 


Various methods of desensitizing per- 
centage unbalance relays or making the 
tripping circuit inoperative have been em- 
ployed. Some are based on the assump- 
tion that transformer short circuits pro- 
duce a greater voltage dip than mag- 
netizing inrush and employ voltage relays 
connected to the transformer leads or to 
the energizing source to determine the 
conditions. 

One of these, which operate on the trip 
circuit, permits direct tripping whenever 
the voltage relay is dropped out and 
starts a timer which completes the trip 
circuit through the differential relay con- 
tacts after a time delay when the voltage 
relay picks up. Thus on energizing a 
sound transformer the voltage relay picks 
up and the timer allows enough time to 
permit the magnetizing inrush to disap- 
pear and the differential contacts to reset 
before completing the trip circuit. If the 
transformer is faulty the voltage relay 
does not pick up and tripping is im- 
mediate. If the fault is a low current one 
the voltage relay may pick up anyhow 
and tripping is delayed until the timer has 
operated, The differential relay can be 
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set sensitively in pickup and short in time 
and for all other conditions will provide 
fast and sensitive protection. 

Another control arrangement uses a 
time delay voltage relay to desensitize the 
differential relay. When de-energized it 
connects a resistance shunt across one re- 
straining coil and the operating coil of the 
differential relay. On energizing the bank 
this shunt circuit is opened after a time 
delay sufficiently long to permit the mag- 
netizing inrush to disappear. The re- 
sistance shunt is usually adjusted to in- 
crease the pickup to two or three times its 
normal value, Since this still may be be- 
low possible magnetizing inrush the 
differential relay must be one with in- 
verse time characteristics to prevent in- 
correct tripping, having an operating time 
in the oe of 0.1 second at ten times 
pickup. a low current fault occurs 
when the ce is energized, tripping will 
be delayed for the time setting of the 
voltage relay. Higher short-circuit cur- 
rents will cause operation even in the de- 
sensitized condition although perhaps not 
quite as fast as when the relay pickup is 
normal because of its inverse time charac- 
teristics. If this arrangement is to pro- 
tect against false tripping dve to voltage 
recovery after clearance of a fault, it must 
also be controlled by voltage relays on 
each of the three phases. In this case the 
voltage relay dropout value must be such 
that it will not desensitize the differential 
relay for short circuit currents below the 
desensitized pickup but will still handle 
the recovery inrush. When making set- 
tings of the desensitizing shunt all parallel 
banks should be in service, and the bank 
under test should be unloaded. 

Voltage-operated desensitizing arrange- 
ments on the running transformer will not 
respond when another transformer is 
switched in, so special settings or con- 
nections may be necessary in order to 
avoid false tripping, whenever the d-c 
voltage drop is large enough to cause 
difficulty otherwise. Under such cireum- 
stances types of relays that do not need 
voltage operated desensitizing equipment 
are free from this limitation. 


Pressure Sensitive Relays 


These relays’’* are operated by a 
pressure wave and are so located in the 
transformer as to detect transformer 
faults. Since they do not measure elec- 
trical quantities they are unaffected by 
magnetizing inrush so long as it does not 
produce pressure waves through vibra- 
tion. They will detect short circuits be- 
tween turns and from turns to ground 
equally well but cannot detect trans- 
former bushing faults which are external 
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of 
to the tank. No data is available to 
relate the magnitude of current and gei 
erated pressure during a short circuit ai 
the sensitivity cannot be stated in e 
trical terms. Since pressure change 
transmitted almost instantaneously 


by through short circuits and extental 
vibrations or from static pressure changes — 
caused by temperature change. At the 
same time it must not be so high as to be © 
rendered ineffective by pressure relief de- 
vices on the transformer. 


Conclusion 


Differential relays can be desensitized — 
permanently so that they will not operate 
on magnetizing inrush but only at the — 
sacrifice of sensitive protection. They 
can be desensitized only during the ex- 
istence of magnetizing inrush by either 
employing auxiliary devices or the char- 
acteristic harmonic or offset of the inrush 
current wave. This sacrifices sensitive 
protection only when energizing the 
bank. There is no information available 
by which inrush characteristics and relay 
characteristics can be correlated to de- 
termine the degree of desensitizing re- 
quired and settings are therefore deter- 
mined by trial. Availability of pressure 
sensitive and gas detector relays makes 
the magnetizing inrush problem less 
critical because they provide sensitive 
protection for low current faults and so 
permit desensitizing the differential re- 
lays. 
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Survey of Air Switch Practice 


AIEE Working Group* 


The interrupting ability of horn gap 
switches has long been a subject of dis- 
cussion. Although no ratings have been 
assigned by any standardizing organiza- 
tion it has been widely recognized that 
horn gap switches are able to interrupt 
small currents, Since there are many 


*Members of this group are: J. M,. Wallace, 
Sponsor; S.C. Killian, W. W. Perry, A. H. Powell, 
R. J. Salsbury, and D. W. Taylor. 
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Interruption of overhead line charging current by horn gap 


Figure 3. 
switch 


variables involved in the use of these 
switches it has been impossible to tind 
any basic approach which would permit 
the assignment of interrupting ratings. 
However, they are widely used for the 
disconnection of power transformers, 
isolation of circuits and cables, and the in- 
terruption of small load currents. 

In 1948 the Technical Committee on 
Transformers appointed a Subcominittee 
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Interruption of transformer magnetizing current by horn gap 
switch—all operations successful 


to study the effect of magnetization 
characteristics of transformers on various 
operating problems. One of these was 
the problem of the use of air switches to 
interrupt the magnetizing current of the 
transformer. A Working Group, desig- 
nated to study this problem, decided that 
the only practical approach would be a 
survey of present-day practice. From the 
survey it was hoped that conclusions 
could be drawn. 

The Working Group prepared a ques- 
tionnaire which was sent to approxi- 
mately 250 utilities in April 1949, Fifty- 
nine replies were received and the results 
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e—signifies 100 per cent successful operation 


O—signifies 90 to 99 per cent successful operation 
X—signifies 75 to 80 per cent successful operation 
©—signifies 50 per cent successful operation 
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switch 


e—signifies 100 per cent successful operation 
O-—signifies 90 to 99 per cent successful operation 
X—signifies 75 to 80 per cent successful operation 
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ave summarized and tabulated here for 
information and guidance, 


Definition of Successful Operation 


To help evaluate the type of operation 
obtamed, the first question asked was, 
“What is meant by the suecessful opera- 
lion of a horn gap switeh?” Tifty-two 


answers were divided as follows; 


14 Ave is interrupted without operation of 
protective relays or system short eir- 
Cult, but perhaps after switeh is fully 
opened 

47 Ave is interrupted before pwitel ip fully 
opened 

2 Does not matter, 


lxperience in Interrupting 
Transformer Magnetizing 
Current 


Nhe data in Mgures | and 2 show ex 
perience in interruption of transformer 
magnetizing currents, ALL points on the 
chart represent at least three operations 
per year, Over 05 per cent of the replies 
indicated all 100) per cent suecessful 
operations 
the Working 


transformer magnetization characteristies 


On the basis of these replies, 
Group coneluded that the 


had no observable effeet on the ability of 
the awiteh to interrupt a given current, 
Rxperience in Interrupting Line 
Charging Current 


Additional data for possible future in 
vealivation are piven in Mpures & and 4 
which show experience with the inter 
ruption of overhead line charging current, 
ILis noted that approximately 70 per cent 
of the answers indieated 100 per cent 
suecess With a limited ranye of line length, 
An additional 16 per eent of the answers 
inclided data whieh eould not be tabu 
lated but which indicated some degree of 
auecesmlil operation, 


Experience in Interrupting Cable 
Charging Currents 


Answers to the question vatre indieated 
very limited and cautious tse of horn pap 
awitehes to interrupt eable charging eur 
renta, Only ld per cent of the replies 
showed srecesalul resulta, whieh ave given 
in Vable bol Part 11 of this report, 


Experience in 
Currents 


Interrupting Load 


Replies to the questionnaire indicated 
a uiuch wider tange of practice and re 
wults with the interruption of load cur 
rents by horn gap awitehes, ‘Table U1 


1738 


cr 
ve 


Interruption of Load Currénts by 


Table |. Interruption of Cable Charging Table Il. 
Currents 8 Horn mee. Switches Horn Gap Switches 
Per Cent of Power Total No. 
Total No. of Successful Factor, of Oper. 
Ky Amperes Miles Oper. Per Yr. Oper. Kv Amperes Per Cent Per Yr. 
11, ,600 Boe Nhe oa 20 ventana 4.8 75 00° anes 2 
18, KO OO GO ee na eink Bistarheainaes 100 11 50 . 85 15 
Sa Pe Deas caaale 150 . 100 IL 380 . 80 4 
Be a hen oe OPP ey L fates 100 12 100 50 20 »» 
88 7, 0, 1hea 008d. eine Lite atone 100 13° + <4, Upto: 200:... acveanenee 50 
B46 Bi) pry ences Vigtho\waieaies 1 13 62.5 80 3 
66 , 200 be” Vig wir Bris tae aoe 100 13.8 200 90 , 10 
66 ,, B4 AS Se pists 1 13.8 75 (Veneer 8 4 
No experience or not accepted pr actice all others, 13.8 17 80 ..,.80% Successful 
SY 22 75 86 2 , 


of Part IIL of this report indicates pres- 
ent-day practice, Approximately 40 per 
cent of the answers showed successful 
operations throughout limited range of 
current and voltage values, 20 per cent 
showed partial success and 40 per cent no 
experience, 


Circuit Conditions and Comments 


Seventeen per cent of the replies indi- 
cated that the values in the previous 
labulations were the maximum in volt- 
age, current, transformer size, or line 
length, on the systems reporting, and 76 
per cent of the replies stated the values in 
question were not their maxima, 

Data from the questionnaire indicated 
that 82 per cent of those replying did not 
use horn gap switches for the maximum 
conditions of voltage, current, or trans- 
former size, because of adverse experience 
or poor performance, Sixty eight per cent 
gave other reasons, the most common one 
being that power circuit breakers were 
available and preferably used for inter- 
rupling the maximum cireuit conditions, 

Sixty per cent of the replies indicated 
that those answering believed that high 
apeed switch operation increased the in- 
terrupting ability of the switch, 

One-third of those reporting suecessful 
interruption of magnetizing and line 
charging current told of special precau- 
tions which are taken during the opera- 
lion, Representative comments are given 
below; 


1, Switches are not opened in a high wind, 


2, We “inch'’ switches open in locations 
where this is indicated, The switch is 
opened to a 2Qinch gap and the quality of 
the are ia judged quickly before the switeh is 
fully opened, 


3. When a transformer bank which is 
normally supplied trom the 188-kev trans. 
mission system is to be switched out of 
service, the lower voltage bus (13.8 kv or 45 
ky) is Ged to an adjacent bus supplied from 
another Cransformer, Under these condi- 
tiona the horizontally mounted 188-kw dis- 
connecting switches are opened followed by 
the opening of the lower voltage oil circuit 


Transformer Magnetising Current 


29 ., #0 ”..., Soa 
22and46,, 20 «+. 80 ....50% Successful 
(10. oper./year) 

1 


23 Ae 85 cove OOCipE 
33 * 52 oe, SO ee 10 
83 Ae 15 oes s 150 Ope 35 
33 oh 20 sh 1D aes 0.5 
33 - 10 a COM 10 
33 | Up to 80. Dcvaane ao eae 30 
33 re 8,5) oo: S80reee 3 
84.5 ., 10 ..+, 80 ,.,.80% Successful 
84.5 .. 16,8 .,.. 85 ...,80% Successful — 
$4.5. se U70 .... 85 ..,.90% Successful 
(3 oper./year) 
34.5 .. 25 soos (O80: Haale 10 
34.5 .. 84 see GON are 4 
4A ea 50 one Olina 11 
44 A 50 Good... ih? 
44 ahs 80 Aer) 20 
46 at. Gisad ohn 168 "60% Successful 
46 Wa 0S iG Ge ve ee ..80% Successful 
50 tn 10 vies.s OU eee 12 
66 50 ry Oe 8 
66 Up to 50 . cveindly ele 5 
66 za Sis hi he nD 
66 +» 100-150 .... 90 ...,.90% Poa 
66 ‘Sa 60 vase COREE 
66 as 80 cg 0h OO 1 
110 as 50 APA felole hy 57 
110 re 10 sees, 80) 5400 80% Suecestl 


115 60 vive ) OO ee 
No experience or not accepted eee aa others. 


breaker, The voltage difference is probably 
less than 1,000 volts and the current is very 
small, 


4. (a), Open the switch quickly at the 
start, 

(b). Shield the operator’s eyes from a 
possible are. é 


(c). Load is always broken by oil circuit 
breakers, In the case of transformers the 
load is disconnected by oil circuit breakers 
on the low-voltage side. 


5, Operator is on an insulated stool or 
ground plate. He is required to inspect the 
arcing horns after operation. The reclosers 
are made nonautomatic while the switching 
is being done, 


6, Very infrequent operations are at- 
tempted, but when necessary high speed 
opening is used when manual operation is 
available, Some trouble has been experi- 
enced with slow operating motor mecha- 
nisms. Wind conditions also are an impor- 
tant factor, 


7, On grounded Y circuits with neutral re- 
lays the tripping circuits of these relays are 
opened prior to switching to prevent possi- 
ble operation caused by one or two poles of 
the horn gap switch closing or opening 
ahead of the others, 


8 We regularly interrupt successfully with 
air break switches current in an open line to 
be cleared from the system, by first parallel- 
ing a second line with the line to be cleared 
and reducing the current in the line to be 
cleared to a minimum value before opening 
the air break switch, 
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_ Over 25 per cent of the replies told of 


special mounting arrangements, phase 


ee 


spacing, et cetera, used with switches that 


are intended to open magnetizing or 


charging current. Typical comments per- 
taining to this subject are given below: 


1. Use wider phase spacing. Generally 
mount ue so that the are cannot rise 
into other conductors or equipment. 


2. Increase the spacing and overhead 
clearance beyond standard—say 25 per cent. 
8. Standard spacing for pole installations: 
138.2kvy 44 inches 
33.0kvy 56 inches 


4. Vertical break switches are the only 
type that are opened for the more severe 
service. 


5. Positively ground the operating mecha- 
nism and the operating mechanism handle. 


6. Phase spacing on 69-kv equipment, 7 
feet. Operating mechanism to be a type 
that will allow the blades to open quickly; 
not the gear reduction type of mechanism. 


Conclusions 


From the data compiled it seems ap- 
parent that the magnetization charac- 
teristics of a transformer have little or no 


effect upon the ability of a horn gap 
switch to interrupt the magnetizing cur- 
rent. The Working Group felt that it was 
not justified in drawing any further con- 
clusions. However, data are herein pre- 
sented which show present-day use of air 
switches and should enable system oper- 
ators to compare individual system pro- 
cedure with a large number of other sys- 
tems. 
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Discussion 


Eric T. B. Gross (Illinois Institute of Tech- 


nology, Chicago, Ill.): It appears that the 
Subcommittee neglected to take into con- 
sideration the very valuable information 
contained in the paper ‘‘Interrupting 
Ability of Horn Gap Switches,” which was 
presented at the Pasadena Meeting and 
made available! to the membership of the 
Institute long before this report was sub- 
mitted. Anyone interested in this phase of 
the report will find the answer to his ques- 
tions in a comprehensive paper! by Andrews, 
Janes, and Andersson. 

In Part II of the report, which deals with 
relaying problems, there is a short reference 
to pressure relays in the section on Pressure 
Sensitive Relays, but the even more impor- 
tant “‘gas detector’’ relays? are mentioned 
only by this same word in the Conclusion of 
the paper. 

It may be worthwhile to repeat some of 
the recommendations of the relay engineers 
who summarized in the latest ‘‘AIEE Com- 
mittee Report on Relay Protection of 
Power Transformers” that :3 

“The value of gas accumulator relays for 
detecting incipient faults has been under- 
estimated generally in the United States. 


“1, Substantial experience in Canada has 
demonstrated the value of gas accumulator 
relays to detect conditions such as turn-to- 
turn faults, core insulation failures, and 
defective joints. 


“2. Objections commonly raised to the 
gas accumulator method of detecting faults 
can be overcome largely by suitable applica- 
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tion and proper interpretation of relay 
indications. 


“3. The present commercially developed 
gas detector relays are limited in application 
to conservator type transformers. Experi- 
mental installations indicate that devicesmay 
be developed for extending gas detection 
principles to other types of transformers.” 


The magnetizing inrush current neces- 
sitates a reduction of sensitivity and/or a 
complication of differential schemes if false 
operation is to be prevented. The fact that 
new solutions to overcome these inherent 
difficulties of differential schemes have been 
announced in periodic intervals during the 
last decade produces an element of doubt as 
to the effectiveness of these newer and 
better solutions. It has been stated that none 
of these solutions is entirely satisfactory.® 

Since gas |and pressure-relays are not 
influenced by any inrush currents, they seem 
to indicate a real and ideal solution to this 
problem. It should be kept in mind, how- 
ever, that the gas element has been found4 
to be the more valuable component of this 
type of protection since it indicates faults in 
their incipient stages, thereby reducing 
otherwise possible damage and _ simpli- 
fying as well as speeding up repair work. 
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L. R. Janes and F. E. Andrews (Public Serv- 
ice Company of Northern Illinois, Chicago, 
Ill.): This is a discussion of the section on 
Survey of Air Switch Practice. The state- 
ment is made in this section of the report 
that “it has been impossible to find any 
basic approach which would permit the 
assignment of interrupting ratings’? which 
might be applied to horn-gap switches used 
for interruption of small currents. The 
committee which prepared this report 
apparently did not utilize the information in 
the paper by Andrews, Janes, and Anders- 
son. 

In this paper “‘reach’’ was used as a 
measure of the arc spread to provide a 
criterion for safe operation related to switch 
clearances. Arc reach was defined as the 
distance from a point midway between the 
are extremities and the most remote point of 
the arc at the time of its maximum length. 
Figure 10 was a plot of the test data. It 
showed a curve representing the limit of 
probable reach in terms of feet per kilovolt of 
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open switch voltage. Probable reach for 
currents less than 100 amperes was shown 
as 0.0165XkvXI. Figure 16 was a graph 
showing are reach for small currents at 
various line voltages from 12 kv to 132 kv 
and was applicable to transformer magne- 
tizing currents. 

On the last page of the committee report is 
shown phase spacings of standard air break 
switches for different voltages. From the 
formula in our paper,! the current may be 
calculated which will produce a maximum 
reach equal to the switch clearance. This 
value should be reduced somewhat to pre- 
vent the are from contacting another part 
of the switch. Referring to Figure 1 of the 
report, the magnetizing currents which may 
be opened for standard switches of the vari- 
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ous voltages are lower than those calculated 
from our formula. Therefore, it is not sur- 
prising that the operations were successful. 

The report makes reference to interrupt- 
ing line charging current. Figures 18 and 
14 of our paper show the data from 132-kv 
line charging current tests. It was pointed 
out in the text that currents of 7 amperes 
were interrupted with reaches which ap- 
peared to be safe for the 16-foot horizontal 
phase spacing used, and that currents of 10, 
13, and 20 amperes also were interrupted 
with reaches greater than the phase spacing. 
These interruptions were successful because 
of favorable oblique wind. It was stated 
that, because of the trapped charge and 
stored energy in the capacitive circuit, the 
voltage used in calculating reach for inter- 
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rupting line charging current shou}d prob: 
ably be twice the actual voltage. 

The report makes reference to interrup- 
tion of load currents. Our paper covered 
this phase of the subject largely from the 
standpoint of opening a switch in a closed 
transmission system loop. Such operation 
depends on the current through the switch 
before opening and the open switch voltage 
across the gap after opening. This voltage 
can usually be obtained by multiplying the 
current through the switch by the equiva- 
lent impedance of the loop opened. Figure 
17 of our paper presented a graph applicable 
to this case. 


REFERENCE 


1. See reference 1 of preceding discussion. 


| 


AIEE TRANSACTIONS 
| 


An Electromechanical A-C Line 
Voltage Stabilizer 
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HERE are several advantages of a 

controlled autotransformer-type sta- 
bilizer’? over the magnetic saturation- 
and electronic-type stabilizers.*4 These 
include less wave form distortion, less 
transient error for given load variations 
and higher efficiency since heavy current 
is only drawn when there is an error in 
output voltage. When there is integra- 
tion in the regulating loop, the over-all ac- 
curacy is good and there is no need for 
voltage or load current compensation. 
There is, however, one inherent disad- 
vantage to this type of stabilizer or reg- 
ulator. The slow speed of response due 
to the inertia of the driving unit has in the 
past rendered this type unsuitable for in- 
strumentation or electronic applications, 
since step changes in input voltage still 
affected the equipment. 

This paper describes an electromechan- 
ical stabilizer having a fast recovery 
time that compares favorably with some 
of the commercial electronic stabilizers. 

In attaining this feature two points of 
design received special attention: the 
choice or a low inertia driving unit that 
could be easily controlled and, the de- 
velopment of a control circuit that would 
produce the best response. 


Driving Unit 


A d-c driving motor was chosen for this 
application because of its versatility in 
control circuits and its good torque char- 
acteristics. The disadvantages of gears 
and commutators were overcome by 
using a 270-degree type of meter move- 
ment especially adapted as the driving 
motor. The allowable rotation of the 
motor corresponds to that of the brush 
arm on the toroidal-type variable auto- 
transformer. This type of movement can 
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N. L. KUSTERS 
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be designed for very low inertia since it 
needs no moving iron in the armature. 

Figure 1 shows the magnetic circuit of 
this driving unit. The flux density in the 
air gap is low compared to other d-c 
machines because of the long air gap and 
the narrow cross section of iron feeding 
the flux to the center field pole. This flux 
can be increased only at the loss of range 
of rotation for the armature and cor- 
responding increase in the width of iron 
in the outer loop of magnetic circuit. 

The inertia of the armature was kept to 
a minimum by dipping and baking the 
coil so that no form was needed to sup- 
port the armature when assembled. 
Other design details of the driving unit 
were directed at convenience of assembly 
and compactness as shown in Figure 2. 

The size of the unit was arrived at 
arbitrarily since there are several factors 
to be considered. Most of the load is 
brush friction in the autotransformer and 
since there is considerable static fric- 
tion, the load characteristic with speed is 
not linear. Therefore in order to get the 
best performance, the rated torque is 
considerably in excess of the maximum 
friction torque value. The static friction 
can be minimized, however, by an al- 
ternating signal large enough to keep the 
brush vibrating slightly, but the rating of 
the armature has to be great enough to 
absorb this steady power. This power is 
about twice that required to overcome the 
static friction. 

Another consideration from the de- 
velopment point of view is that in syn- 
thesizing the control circuit, it was neces- 
sary to take the frequency response 
characteristic to check the transfer func- 
tion. In order to get an amplitude large 
enough to give a good frequency response 
curve it is necessary to draw considerable 
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power. For these reasons a design value 
of rated torque was chosen equal to ten 
times friction torque which was satis- 
factory from all considerations. A prac- 
tical operating value, however, would be 
about five times the friction torque. Also 
regarding the physical size of the unit, 
considerable reduction in the amount of 
iron could be obtained by using laminated 
steel which would operate with twice the 
flux density. 


Control Circuit 


The necessary components of the con- 
trol circuit are: detector, phase inverter, 
and driving circuit. With this general 
arrangement it is necessary to have high 
enough sensitivity to overcome static 
friction for errors of 0.1 volt on the line. 
It also is necessary to have good stability. 
Stability considerations were taken up 
after the components of the main block 
diagram were chosen and a transfer func- 
tion obtained from each. 

One of the better detectors of a-c line 
voltage variations is the temperature- 
limited diode used in a bridge circuit. 
It has very high gain and may be con- 
sidered linear over a fairly wide range. 
The characteristic of one such tube, 
Sorensen 24 S15, is indicated in Figure 3. 
The bridge circuit is shown in Figure 4. 
The transfer function of this block is 


D-c volts wt 14 
Line voltage (0.04S+1) 


One difficulty with the diode detector 
is the large second harmonic ripple volt- 
agein the output. This ripple is too large 
to be handled by the succeeding am- 
plifiers and therefore has to be reduced, 
preferably without increasing the time 


Paper 51-271, recommended by the AIEE Feedback 
Control Systems Committee and approved by the 
AIEE Technical Program Committee for presenta- 
tion at the AIEE Summer General Meeting, 
Toronto, Ont., Canada, June 25-29, 1951 and at the 
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The driving motor shown in Figure 2 of this paper 
was designed by A. R. Morse of the National Re- 
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Figure 1. 


constant of the combination. This is ac- 
complished by introducing a voltage from 
the power supply rectifier output in an 
appropriate part of the detector bridge in 
such a way that the ripple was reduced to 
the fourth harmonic at 5 per cent of the 
previous amplitude. The bucking voltage 
was obtained without using a tube and 
the transfer function was not affected. 

With a d-c output voltage from the de- 
tector circuit, the simplest control of the 
thyratrons is the d-c control voltage with 
fixed a-c bias. Since two thyratrons have 
to be controlled, itis necessary to have the 
d-c control voltage increasing on the grid 
of one thyratron and decreasing at the 
same time on the other. Thus some form 
of phase inversion is necessary after the 
detector stage and since the thyratrons 
both must use the same d-c reference level 
on their cathodes, separate plate wind- 
ings are necessary. 

These requirements led to the adop- 
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Magnetic circuit of driving unit 


Figure 3. 


tion of a circuit similar to that of J. P. 
Rogers.® 

A cathode coupled phase inverter® was 
used with the input taken directly from 
the detector bridge. The thyratron grids 
were fed from each inverter plate re- 
spectively and the thyratron bias level 
was set by a voltage divider across the 
plate supply. The gain in the phase in- 
verter using a 6SN7 tube was six. The 
phase inverter and thyratron circuit are 
shown in Figure 5. 

In the case of the thyratron circuit, the 
thyratron grid return circuit was made 
through the center tap of a resistor across 


OUTPUT 
0.C. VOLTS 


Figure 2 (left). 
Driving unit 


Figure 4 (right). 
Detector bridge 
circuit 
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the armature. The fixed a-c bias on the 
thyratrons was introduced in series with 
the d-c bias by means of a phase shift 
circuit and transformer coupling. There 
is no interference in the control due to the 
plate voltage on the opposite thyratron 
since each thyratron only fires on al- 
ternate half cycles and in this application 
the steady state condition is such that the 
firing angle of each thyratron is only 10 
degrees or so. However, with inductive 
load such as the armature used here and 
with only one thyratron firing, the voltage 
across the armature becomes negative 
and the time constant is such that there 
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is still an appreciable negative voltage at 
the start of the next firing cycle.” This 
negative portion is, in effect, positive 
feedback, which results in erratic be- 
havior around the null. This is over- 
come by using rectifiers at the cathode of 
| each thyratron which clip the negative 

voltage and keep this effect out of the 
 thyratron‘grid circuit. 

Another effect which occurs in the 
thyratron circuit is the negative feedback 
due to the back electromotive force of the 
motor. This back electromotive force is 
halved and applied to the thyratron grid 
circuit. The effect of the back electromo- 
tive force of the motor with respect to the 
thyratron plate voltage is negligible com- 
pared to the feedback in the grid circuit. 
The block diagram and transfer function 
of this feedback loop are shown in Figure 
6. The basis for the motor transfer func- 
tion is given in Appendix I. 

The regulator loop is closed by the 
variable autotransformer and series trans- 
former. The combination gives a ratio of 
4 volts alternating current per radian of 
rotation. 


Accuracy and Stability 


Tt now is possible from the description 
of the main components to construct the 
complete block diagram and _ transfer 
function of the regulator so this will be 
considered for accuracy and stability con- 
ditions. The complete transfer function 
is 


14 


KG= 740.045) 


xX Ke X6X 


1 1.67 


S (0.0235-+4+1)<" (1) 


A synthesis® of this transfer function 
to find the gain and resonant frequency 
for normal stability gave these results: 


M, — 1.5 

K,=20 

wr=16 radians per second 
Speed of response ~0.7 second 


The speed of response is much slower 
than the 0.1 second desired. Another 
point to be considered from these results is 
whether the velocity constant necessary 
for stability is high enough to give the re- 
quired accuracy. The maximum possible 
accuracy of the regulator is the variation 
in output voltage for a brush movement 
of one wire on the variable autotrans- 
former. Neglecting commutation by the 
brush, the accuracy is 0.08 volt for this 
regulator. Considering the brush friction 
and the motor constants, the stiffness of 
the control circuit to achieve the maxi- 


1951, VoLumME 70 


QQQQ00N 
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Bt 
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Figure 5. 


mum sensitivity is 0.31 ampere per line 
volt in the armature of the motor. See 
Appendix II for constants and calcula- 
tions. With the velocity constant of 
K,=20 the gain setting K, equation 1 is 


THYRATRON 


BRIDGE 
DETECTOR 


Phase inverter and thyratron circuits 


0.035. To obtain the desired accuracy 
the setting of K, should be 0.24. 

The preceding results show that the 
transfer function would have to be altered 
considerably in order to give the required 


MOTOR 


6, RADIANS 


I 1.67 
Ss (.023S +1) 


Figure 6. Block diagram and transfer function of motor loop 
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Figure 7. Effect of rate generator in thyratron circuit 


response and accuracy. Two methods 
were used, First, the time constant of the 
Sorensen tube was effectively reduced by 
a factor of 4 with a lead network which 
was located at the gain control in the de- 
tector bridge. Second, the time constant 
of the motor thyratron combination was 
reduced by velocity feedback from a rate 
generator attached to the motor shaft. 
The feedback voltage after amplifica- 
tion was coupled in proper phase with the 
other a-c voltages on the thyratrons. The 
effect of the rate generator on the thyra- 
tron circuit is shown in Figure 7. This 
characteristic is not very linear but the 
approximate slope was used for calcula- 
tions. 

The feedback gain of the internal loop 


is now 1.5 instead of 0.6 as in Figure 6 
and the combined transfer function for 
this internal loop is: 


0.7 
S(0.01S-+1) 


The gain coefficient for the internal 
loop was reduced by the additional feed- 
back and this, combined with the at- 
tenuation in the lead network, made it 
necessary to go to a higher gain tube in the 
phase inverter. Due to the lead net- 
work there was an increase in noise level 
from the detector circuit. Since most of 
this noise consisted of 240 cycles, a paral- 
lel-T filter was used to eliminate it. 
The transfer function for the filter was 
approximated for low frequencies. 


The complete block diagram ‘of 
regulator is shown in Figure 8. A ret 
erence block E, has been shown to in- 
dicate that the control circuit produces a 


reference voltage. lo. 
is accomplished by the variation of volt- 


age E, in the series buck boost trans- 


former output £;. 


The open loop transfer function is as 


follows: 


0.7 


2 _—_ 
as S(-40.015) 


1+0.003S 

The closed loop operation was cal- 

culated using log modulus and phase 
curves? with the following results: 


My=1.5 
K,=50 
wr=47 


The experimental results were obtained — 
with the gain set to the calculated value. — 
This gave an M, of 1.75 and a wp of 40. © 


The plot of experimental and calculated 
curves is shown in Figure 9. The stiff- 
ness of the control circuit at this gain 


setting is 0.39 ampere per line volt which ~ 


is better than the design value of 0.31 
ampere per line volt to obtain the re- 
quired accuracy. 

The response time to a step function at 
these settings was obtained from the 
analogue computer. With damping factor 
‘A0.3 the recovery time was 0.18 second. 
In the actual test on the regulator for step 
input and step load the friction and non- 
linear effect of the diodes at the thyratron 
cathodes produced beneficial results, the 
damping factor becoming +0.8 and the 
recovery time 0.15 second. Transient 
tests were made with a voltage sensitive 
bridge having a fast response. The re- 
sults were recorded by a Brush oscillo- 
graph and are shown in Figure 10, for both 
input and load steps. In these recordings 
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Figure 8. Com- 
plete block dia- 
gram 
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Figure 9(A) (left). Lm and angle plotted 
with dimensionless frequency for the open 
loop transfer function 


for each division of the time axis there 
are 2.5 cycles of the 60-cycle timing 
signal. Also in Figure 10 is the record 
taken of the regulator operation com- 
pared to the line. 


Construction 


This instrument was constructed for 
laboratory use. Photographs of the 
regulator are shown in Figure 11. The 
complete wiring diagram is shown in 
Figure 12. 

The specifications for this regulator are 
as follows: ;- 


Power—3 kva. 


Regulation—0.1 per cent for input volts 105- 
125 on the 115-volt range. The output can 
be set at 110, 115, and 120 volts which gives 
an over-all range of input voltage 100 volts— 
1380 volts. Load current and load power 
factor do not affect the accuracy. Allow- 
able frequency variation is +15 per cent. 


Recovery time—O.15 second for a step input 
up to 5 volts. 


Distortion—There is negligible distortion of 
the output. 


Appendix | 


The transfer functions for the blocks in 
the internal loop of Figure 6 are as follows: 

In the case of the motor operating on 
thyratrons, acceleration would continue 
until the back electromotive force almost 
reached the peak value of the thyratron 
plate voltage. Since the maximum speed 
of the directly coupled one turn motor is 
such that the back electromotive force is 
negligible compared to the plate voltage, 
then the transfer function of the motor is 
characterized by an acceleration constant. 


Ky 
KG. ad Sz 
ach Ree Kr _ 12 pound inches per ampere 


Tie 0.0027 slug in? 
= 4,500 


There is no lag in the thyratrons so for 
this block 


K,=0.016 amperes per volt d-c 


The voltage constant of the motor arma- 
ture obtained from the flux in the air gap 


Figure 9(B) (left), Lm versus angle for cal- 

culating the closed loop gain when used with 

a chart® of constant amplitude and angle con- 

tours. The experimental results for the closed 

loop operation were changed to the open 
loop by means of the same chart 
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and the armature turns is 1.2 volts per 
radian per second. Since the divider across 
the armature applies half the voltage to the 
thyratron grid circuit 

Then K;=0.6 

G3 = S 

These blocks were combined to give one 

transfer function for the loop. 


00 fis K, KG, Z 
0; 1+ K,K.G,.K3G; 


Seiad dl OT aia 
6% S(0.023S+1) 
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Figure 11 (above). 

Location of major 

components in final 
assembly 


Appendix II 


This is the calculation of the sensitivity of 
the control circuit and the setting of gain 
control Ko in equation 1. 

The stiffness of the control circuit to give 
the desired sensitivity is the amount of 
armature current necessary to overcome the 
load torque for one wire error in the auto- 
transformer, 
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S=stiffness 

T,_=load torque which consists of brush 
friction =0.8 pound inches 

Ky=torque constant of the motor=12 
pound inches per ampere 

V=a-c voltage variation in the output for 
one wire variation on the autotrans- 
former = 0.08 volt 


Sm, 31 ee 
line volt 


Since S is the product of the coefficients 
in the control circuit up to this block, the 
gain setting K, to give the desired sensitivity 
is as follows: 

The coefficient of the known blocks 


volts d-c 
Detector—14 ————_ 
line volt 
volts d-c 
6SN7 Inverter—5 .7 ———— 
volts d-c 
Thyratroneeo Oar oe 
hyratron—0O. ———— 
ese volts d-c 
0.31 
ho = oe = One 
° 14X5.7X0.016 
Note 


Since this paper was originally prepared, 
filters in the control circuit have been rede- 
signed and the driving motor armature re- 
designed to operate at a higher temperature 
rise when producing a torque sufficient to 
overcome brush friction. “This gave im- 
proved step input characteristics with a 
speed of response of the regulator being 4 to 
5 cycles on the 60-cycle calibration instead 
of the 8 to 10 cycles previously shown. 
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Application of the 2-Reaction Theory 
to Electric Motors 


E. M. SAEBAGH 


MEMBER AIEE 


Synopsis: The 2-reaction theory, intro- 
duced first by Blondel and later expanded 
by others, is generally applied to the analysis 
of synchronous machines. This theory, 
however, can be used to analyze and calcu- 
late the performance of all types of electric 
machinery. In the following the 2-reaction 
theory is used: to derive the differential 
equations of a-c motors; to develop the 
steady state equations of a-c motors; to 
draw vector diagrams for a-c motors; to 
solve the steady state equations and find the 
currents and torques. The advantages of 
this method are: its simplicity; the ex- 
clusion of vagueness and ambiguity about 
certain signs; and it presents a unified 
method for the mathematical analysis of all 
electric machines. 


N teaching courses on a-c machinery, 

the writer found that the two methods 
usually used for the calculation of the 
performance of a-c machinery, namely the 
method of symmetrical components'? 
and the cross field theory* while simple 
and straight forward for certain types of 
machines, present difficulties when ap- 
plied to other types.1. While working 
with Parks equations® he observed that if 
the quadrature axis was assumed to lag 
the direct axis, the equations thus ob- 
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tained are similar to those given by the 
cross-field theory. 

3y the 2-reaction theory it is easy to 
derive the basic differential equations 
from the circuits of the machine con- 
sidered. From these differential equa- 
tions the steady-state equations may be 
obtained. From the steady-state equa- 
tions vector diagrams can be drawn al- 
though these are not necessary for the 
solution of the problem. From the basic 
equations the torque of the motor can 
also be obtained. 

In their simplest forms the differential 
equations are usually expressed in terms 
of the self and mutual inductances of the 
circuits of the machine. These induct- 
ances can in turn be expressed in terms of 
reactances and the reactances in terms of 
their components: the leakage and mag- 
netizing reactances. 

In this paper the generalized 2-reaction 
theory will be applied to the following: 


Single-phase induction motor. 
Two-phase induction motor. 


Two-phase induction 
capacitor motor. 


motor used as a 


The capacitor motor. 
The repulsion motor. 


The series motor. 
Assumptions 


In the analysis the effects of hysteresis 
and eddy currents are neglected. The 
losses caused by hysteresis and eddy cur- 
rents can be taken into consideration by 
the addition of a resistive component to 
the equivalent magnetizing reactance. 

The currents and voltages are assumed 
sinusoidal with time, and the magneto- 
motive forces are assumed to be sinu- 
soidally distributed in space. 
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Basic Equations 


From the analysis of 2-phase salient 
pole alternators with one rotor circuit, 
the following expressions are obtained: 


va=Laata+Lasiy (1) 
vq =Lagig (2) 

v= Lyyist+Lasia (3) 
where 


Wa=flux linkages of the direct axis winding 

Yq=flux linkages of the quadrature axis 
winding 

y7=flux linkages of the field winding 

Laa, Laq and Lys=self inductances of the 
direct axis, the quadrature axis and 
the field windings 

Las=mutual inductance between the direct 
axis and field 

Za, iq and iy=currents in the direct, quadra- 
ture, and field circuits 


The equations of the terminal voltages 
are given by: 


d da 
=-—j _— —wWy— 4 
va= —iaRa 7 va vq il (4) 


d d 
y= ~igRy— 7 hat var, (5) 


Figure 1. Diagrammatical representation of 
single-phase induction motors " 
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(SXmIf)q 


If 


(-UldXdd)d 


(JleXff)t 


7 , 
a SER de (6) 


where 


Va, Vg and vy=the terminal voltages of the 
direct axis winding, the quadrature 
axis windings and the field winding. 

Ra, Rq and Ry=the resistances of the three 
circuits. 

da/dt=the angular velocity of the rotor. 


In the analysis giving these equations, 
the so-called armature reaction is helping 
the field, namely the armature current is 
assumed to lead the generated voltage. 
Hence, the direct axis current is leading 
the quadrature axis current by 90 de- 
grees. 

Equations 4 and 5 are the equation of 
generator circuits while equation 5 has an 
applied voltage. 

Equations 4 and 5 clearly show how the 
voltages in the direct and quadrature 
axis are produced. In each circuit there 
are an induced transformer voltage, and 
a generated speed voltage. 

The transformer voltage in the direct 
axis circuit is given by —dyq/dt and that 
in the quadrature axis by —dy,/dt. 

The generated voltage, caused by rota- 
tion is given, in the direct axis circuit, 
by 


Nava do 


and is 180 degrees out of phase with 

the quadrature axis flux linkages yy. 
The generated voltage in the quadra- 

ture axis, due to motion, is given by 


Nava da 
Na dt 


and is in phase with Wg. This is always 
true in motors if the quadrature axis is 
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Fi 2 (left). 
(SleXad)q igure 2 (left) 


(-UlqX qq)q Figure 3 (above). 
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Vector diagram of single-phase induction motors in 
terms of self and mutual reactances 


Vector diagram of single-phase induction motors in 


terms of leakage and magnetizing reactances 


put 90 degrees behind the direct axis in 
the direction of rotation. 

The mechanical power given by the 
expression 


S 2 y _ , aLnm 
Pnm= 9 Intm di (7) 


n m 


yields the torque equation 


_ pdt i 
of, na, ( ) 
1 2 ail, 
wAlg oe peer EE (9) 
n m 
where 


7 =instantaneous torque 
bm =instantaneous power 


After substitution equation 9 becomes 


Ney Na h tts (10) 
= 1¢q@—-— 
T Na ‘dtq N, gia synchronous watts 
e 7.04 Ng 5 Na . 
synchronous speed Nar 7 ie 


(11) 


When the effective values of currents are 
used in equation 11, 1, and 2 the average 
torque T is| 


pound feet 


MN Na 
TeSys ees, 
f Na Wa y No ve 1.| 


synchronous watts 


(12) 


The applications of these equations to 
a-c motors. now will be undertaken. 


Single-Phase Induction Motor 


Under running condition, this induction 
motor can be represented by the diagram 
shown in Figure 1. 

Voltage V is applied to the stator. The 
rotor is represented by two windings in 
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quadrature with each other. The direct 
axis winding d is in space phase with the 
stator. The quadrature axis winding 
q is in phase quadrature with the stator. 
As these two windings are short circuited 
Vg =, =0 and 

Qa 


: d d 
= —1¢Ra— Wa von 


dt t ee 


0= —17R a +y — (14) 
game a a 

When the values of Wg and y, given in 

equations 1 and 2 are substituted in 

equations 13 and 14, we get 


: d p ‘ _da 
= —1qRa— gear + Laata) —Lastar (15) 
ee eee (16) 
qq a0 7 apts data ai 
OR 4L Gir cog dig (17) 
v=i — — 
SINS IS Tt oF 


The steady-state equations now are ob- 
tained from 15, 16, and 17, and are 


O0= —Ia(RatjXaa)—jXmly— SX galy 
= —I,(RygtjXqaq)+SXmly+SX aala 
VaI Ret jX 7) +7 Xmla 


(18) 
(19) 
(20) 


where 


w=the angular velocity of the applied volt- 
age 
ws =the angular velocity of the rotor 


The solution of equations 18, 19, and 20 
yields 
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Vv - 
y= [RaRy—X aaX qq — $2) +- 


j(RaXqqt+RiXaa)) (21) 
Vv - 
Ta= 5 [XmXacl — $?)—jXmRy) (22) 
Vv A 
Iy= 5 (SXmRa) (23) 
where 


D= RyRy Ry — RaX wXy- 
— Rl XaaXp¢—Xm?) + 
RyXaaX oq 1 —S?) +j[XaaRgRy— 
Xa X aaX tp — Xm?) 1 — S?) + 
RaRgX pp+-RakyX qq) 
The torque equation is given by 
T = 0|(Lalyt+Laala) Vy —Lgglg 1a) (24) 
For a constant gap Xqgqg=Xqq and Ra= Ry 
then 
T = Xmly° Ty (25) 
V2 
Xm Ka [Ra? = X aa 1— 5?) ] 


|D| 


where 


(26) 


|D|?= [Ra’Ry— RaX aaX pp — Ral X aaX py — 
Xm*) 1 RX aa 1— S*) on 
|X aaRaRy—X aa X aaX sy — 
Xm?)(1 — 8?) +Ra®X y+ RaRyX aa)? 
(27) 


From equations 18, 19, and 20 a vector 
diagram of the currents and voltages may 
be drawn as shown in Figure 2. The 
subseript put at the end of each bracket 
encircling the voltage quantity is added 
for convenience only to show to what 
circuit the voltage belongs. Thus the 
voltage (—jlqXaq)d, for example, is in- 
duced in the direct axis circuit d, while 
(S1aX aa)q signifies that this speed voltage 
is generated in the quadrature axis q. 

The vector diagrams in this paper are 
not drawn to seale. Equation 18 states 
that the sum of the voltages induced, 


(-JIdXdd)d 
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Vd 


Vq 


Figure 4. Diagrammatical representation of a 
2-phase induction motor 


generated and applied in the direct axis is 
equal to the ohmic voltage drop. 

Equations 19 and 20 make similar state- 
ments for the quadrature and field cir- 
cuits. 

If the self reactances in equations 18, 
19, and 20 are replaced by their equivalent 
value of leakage and magnetizing react- 
ances, the following equations are ob- 
tained. 


IaRa a —jlaXa —jXmIy+Ia) —SX ly = 


SXmlIq (28) 

I,Rg = S(Ia +Iy)Xm+SlaXa —jX qq —jlgX m 
(29) 
V=jTa tly) Xm+TyRy+-jlyXy (30) 


where Xq, X,, and X; are respectively the 
leakage reactance of the direct axis wind- 


Figure 6 (below), 
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ing, the quadrature axis winding and the — 
field winding, and X,, is the magnetizing — 


reactance of the field. The quantity — | 
I, +I is the magnetizing current. The 


term —jX,([yt+Ja) is the transformer 


voltage induced by the field flux in the — : 


direct axis winding. The quantity —SJ,-_ 
Xm is the speed voltage generated by the 
quadrature flux in the direct axis winding. 


The term —SI,X, is the speed voltage 


generated by the quadrature leakage flux 


in the direct axis winding, and —jJgXqis 
the transformer voltage induced in the 


direct axis winding by the direct axis 
leakage flux. Equation 28 refers to the 


direct axis winding, equation 29 to the 5 | 
quadrature axis, and equation 30 to the 


field axis. 
The vector diagram corresponding to — 


equations 28, 29, and 30 is given in Figure g 


3. Subscripts d, g, and f have been added 
to denote the windings to which the volt- 
age belongs. 


Application to 2-Phase Motor: 


In the 2-phase motor there are two 
windings f, and f; on the stator as shown 
diagrammatically in Figure 4. Winding 
fi contributes flux which links with the 
direct axis winding on the rotor. Wind- 
ing fe sets up flux which links with the 
quadrature axis on the rotor. The flux 
linkages of the g axis winding now become 


Yq =Lagigt+ Mapripe (31) 


The quadrature axis winding on the other 
hand contributes flux linkages to the 
stator winding fo, so that the flux linkages 
of this winding are 


vn =Lyrifa big Mose (32) 
The flux linkages of the f; winding are 
Yn=Lyin+Laypta 


and those of the direct axis are given 
by 


Figure 5 (left). Wector diagram of a two-phase induction motor in 
terms of self and mutual reactances 


Equivalent circuit diagram of a 2-phase induction 
motor 
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va=LaatatLanin 


The differential equations of the motor 
can now be written as 


[ge 
a= —ieRa—F —Wes, (33) 
eg 
uy= —igRy I +a, (34) 
d 
mink (35) 
dt 
; d 
m= ipRat (36) 


For the 2-phase motor with constant gap 


Mop =Lan=M (37) 
Rn=Rp= Ry (38) 
Xm=Xmp=Xyy (39) 


under balanced condition of applied volt- 
age 


fae ajVa= iV (40) 


Substitution of equations 37 to 40 in 
equations 23 to 26 gives the following 
differential equations: 


Uq= —taRa— Lea? — ue — 

Levies 2 Min (41) 
0 = —tyRq Lee! = Mo + 

adie Mi (42) 
up= aR thay ae unt (43) 
mpm b Ly + Mt (44) 


i and 7, are used for i, and ty, 
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Figure 7(A) (left). 

Diagrammatical rep- 

resentation of a 2- 

phase induction 

motor as a capacitor 
motor 


(UXul2)2 


¢UXqqla)q 


Figure 7(B) (right). 
Vector diagram of a 
Q2-phase _induction 
motor as & capacitor 
motor in terms of 
self and mutual re- 
actances 


(UXuli)1 


When converted to the steady-state 
condition these equations become, with 
the rotor short circuited 


O= —luZaa—jXmh—SXqly—SXml_ (45) 
O= —LyZgg—jXmle+SXadlatSXmh (46) 
V=hZnt+jXmle (47) 
—V =b2ntjXmly (48) 


When solved these equations yield 


RatjXaa—jSXa 
RyRa—XypX aatXm%(1—S*)+ 
SX qqX pp +I [XpyRat+X aaRy—SX Ry] 
(49) 


(50) 


L=V 


I, = —jl, 


—jXm(1—S) 
RyRa—X yyXaat+Xm{1—S*)+ 
SX aqX pp tj lXyRatX aaRy— SX yqRy]) 
(51) 


(52) 


Ig=V 


I, = —jla 
The torque is given by 


T=0M (i -Ig—h:Ia] synchronous watts 
(53) 
wv? [RaXm(1 —S) +RaXm(1 = S) Xm 


[RyRa—|XppX aa +X m1 —S?)+ 
SX qqX pp ]?+ [XyRatX aaRy—SX Rr]? 


be 2v°RaXn(1—S) 
[RrRa— XX aa +}Xm2(1 —S?)+ 
Spa XeaRy — Skool 
(54) 


The vector diagram given in Figure 5 
and representing equations 45 to 48 
stands for the 2-phase motor and is 
similar to the one given in Figure 2 for the 
single-phase motor. Here the subscripts 
modifying the voltage terms indicate the 
circuit to which this voltage belongs. 

If it is desired to find the value of the 
currents in terms of the leakage reactances 
the magnetizing reactance and the slip, 
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¢SXddIq)q4 


(UXmld) ¢JUXmli)d 


(-UXeli): 
(UXmIq)2 
(-UXmI2)q 


Iq (SXddId)q 
(-SXm l2)d 


(-UXddlId) d 


substitute in equations 45 to 48 the values 
given below 


Zaa Nes Zaq =e Rr +jXR +7Xm (55) 
Zy=RstiXstiXm (56) 
S=1-—s (57) 
The value of I; is then found to be 
3 Rr +js( Xr +Xm) 
1= aa 7 a 
(Rs +7X s)[Reti(Xr+Xm)s]+ 
IXm(Rr +s Xr) (58) 
or 
R 
Vv ( 2 +jXr ) in 
L =k. 
“= +i(Xn-+Xm) (59) 


From equation 59 the classical equivalent 
circuit of a polyphase induction motor 
on a per phase basis is obtained. 

By substituting equations 55 to 57 in 
equation 54 the torque equation in terms 
of leakage and magnetizing reactance is 
obtained as 


Rr 
2V2X m2 — 
s 
T= 2 ~~ => 
E 5 —XsXr—XsXm— Erm | + 


R R 3 
Es 2 Xm ea Rs(Xrnt+Xm ] 


(60) 


This agrees with the value of torque ob- 
tained from the equivalent circuit. 


Two-Phase Motor as a Capacitor 
Motor 


The diagrammatic circuit of a 2-phase 
motor used as a capacitor motor is shown 
in Figure 7(A). The four differential 
equations when translated to steady state 
give the following: 
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Vq=0= —leZaa—jXmli—SX aalg—SX mlz 
(61) 
V,=0= —Ly2Zyq—jxml +SXaadlat+SXmi 
(62) 
V=],(Ritj(Xu—Xe)]tjXmla (63) 
V=L(RitjXu) tj7Xnly (64) 


When solved these equations give 


V 
lL, = iy [RiRa? — RiX aa? —2RqXaaXu a5 


— RaXm?+S?*RiXaa?+j{2RiRaXaat 
Ra?Xu —Xaa?Xu—S?*X aaXmi+ 
XaaXm?+S*Xaa*XutSRaXm?} | 

(65) 


v 
I= ip [RaXm?+S?°RiX aa? +RiRa— 


RiXaa?—2RaX aaXu+2RaX aaXe+ 
j{ —SRaX m3 +X aaX m2? +S?2X aa?Xu— 
S2X qa*X¢—S*X aaX m2? +2RaX aaRit 
R@aXu—Xaa*Xu— 
Ra?X-+Xaa?Xc}] (66) 


vV 
“Ta =D [—XmRiXaa—XmRaXut 


SIR XaaXm +5XmRaki ae 

G{ XmRaRi—XmXaaXu—S*Xm+ 

Xm : ia S2X aaXm Xu a= SXmRaXu sm 
SXmRaXe}] (67) 


Vv 
l= D [—SXmRaRi tS?XmX aaRi— 


XmRaXutXmRaXe—XmRiXaat 

j{ —SXmXuRatXmi+S2*XmXaaXu 

— S2?XmXaaXe—S*X mi +XmRaki— 
XmXaaXu+XmXaaXe}} (68) 


SXm(Iq+H2) 
JUXsl~, 
¢UXRId)d Iq 


IRs 


(UXs]2)q 
-UXpRlIq)q 


-JXm(Iq+I2)q 
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JXm(I2+Iq)2 
‘SX m(I2+Id)q 


where 
— —2Xm?RaRi +2Xm?XaaXii =F 
XmitR2Xaaq?+Ra? Xu? — RoR? — 
Xaa? Xu? +4RaRiXaaXi— 
2RaRiX aaXc <s RaXuXe ae 
XnXaa7Xe— XaaXm?X ¢ +S2Xm‘— 
S2X aaX m?X 1 — S2X aaX m?Xu— 
SIRYX aa? +S*X i? X aa? + 
S2*X qaXm?Xe— S*Xaa*KuXet+ 
F[2RaXuX m2? +2R1X aaXm? + 
2RaX aaR2—2RaXaaXw?+2RPRiXu 
—2RiXnXaa?—X REAR +X Xda Ri 
+2X RaX aaX11—XcX m?Ra— 
2S2X aaX m?Ri t2S?Ri XX aa* — 
S?X,Xaa?Ri] (69) 
The vector diagram obtained from equa- 
tion 61 to 64 is given in Figure 7(B). The 
torque obtained from equations 65 to 69 
is given by 
r=Xm(L-Iy—h* Ia) , (70) 
In terms of leakage reactances and mag- 
netizing reactances equations 61 to 64 
give 


0= —IuRp —jlaXr —jXrh +Ig)- 


WySXe—SXm(k+l,)” (71) 
= —l,Re—jyXr—jXm(k+k)+ 
TaSXr+SXm(li+la) (72) 
VEhRstjh(Xs—X-)+jXm(4+la) (73) 
V=EbLRstihX stjXm(Iyt+h) (74) 


Equation 71 gives the voltage equations 
in the direct axis. The quantity I,+Iq is 
the magnetizing current in the direct 
axis; 7X ,(I;+I,) is the transformer volt- 
age induced in the direct axis by the di- 
rect axis flux; I,+I, is the magnetizing 


-UXm(litlag 


Figure 8 (left). 
Vector diagram of a 
2-phase induction 


motor as a capacitor 

motor in terms of 

leakage and magne- 
tizing reactances 


Figure 9 (right). Diagrammatical representa- 
tion of a capacitor motor 
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current in the quadrature axis; SXm(Ta + 
I,) is the speed voltage generated in 
direct axis by the quadrature axis flux 
and SI,Xz is the speed voltage genera 
in the direct axis by the quadrature axis 
secondary leakage flux. 

The vector diagrams are plotted fro 
these equations and are shown in Figure — 
8. re 


Application to Capacitor Motor 


A diagrammatical representation of the 
capacitor motor is shown in Figure 9. 
The motor consists of two windings — 
having different number of turns but as- 
sumed displaced from each other by 90 
electrical degrees in space. 
In series with one winding is an elec- 
trolytic condenser which also has a re- 
sistance. 
The rotor is usually of the squirrel cage 
type. Let the winding with the condenser © 
be called the S winding and the other the — 
R winding. 
The differential equations for this 
motor are 
(75) 


ory ) yas 
eh eA eee 


d d 
Ug = —1gRq ai +¥a7 (76) — 


d 
Us =1tsRg +s (77) 


F 4 
Up =tpRet+ a® (78) 


and 
Ya=taLaattsMas 
¥q=tqLqqttrM or 
¥s=tsLs3+iaMas 


(79) 
(80) 
(81) 


AIEE TRANSACTIONS 


(UX dsId)s 


(-JUXcls)s 
Bia Ss 


(-UXels)s 


(-UXdsIs)s 


(UXarlq)r 


(-UXqrIR)q 


-JX 
(UXadIq)d (SXeala)q 


(-SXqrIr)d 


Figure 10. Vector diagram of a capacitor motor in terms of self and 
mutual reactances 


UXms(Is +-2)s 


Yr=trLert+tqMor (82) 


Vv 
rr =p [RaRyRr—XqqX rrRa— 


By substitution the differential equations BoM Be hp ag Ra et 


become Sty oe i Rane 
- dig da RaRrX qt RgRerX aa— XaaX qq@X rre— 
Va= —taRa— Laas — Mas— ai —Ladtaa — SNe et ak ke 
A S?X aaX qX rer +SXasXqrRq} } (92) 
. da 
Marin7, (83) Vv 
Ig=5[—SRaReXas—RsX aaXqe(1 —S*) — 
ug>= —igRg— — Ly SY i + RaX ssX qr +RaXcX or ae 
di i{ —SRaXerXas+ Xas?Xqr(1—S?)— 
da XaaX ggX gr(1—S?)+ 
Laatay, 7+ Masiss (84) NiaX Mon 1—S*)4ReR sX oe} 1 .(93) 
di S| hae _— = 
. usm isRstLss< 5+ Mas a (85) In=p Xas’R SX aX qRs RaRyRst+ 
XaaX gRst+XaakgX sst+ 
diz dig XX ssRa—XaaRgXce—XqRaXe+ 
Ug=ingRe+Ler— tansy (86) One OC Eb eh ge 


S?*X aaX qX ss +S2X aaX qqXc ae 

SO Se Pa aite Deere 

RaRyX gsst+X aaX @X sst+RaRyXe— 
XaaXqqgXe}] (94) 


In the steady state these equations give 


= —Ia(RatjXaa)—IsjXas—YSXqq— 
InSXqr (87) 


West She X asl (Re tiXe)— with D given by 


InjXar (88) = —RaRsX qr? +XaaX ssX qr{1—S?)— 
VWs jXests(Reti(Xse—Xe)) (89) power an ign) as’ Xen 
3 ie et S?)—RpRyXas?+RaRrXqq(Xs—Xe)+ 
V=1jXente(Ret+jXne) (90) ReRsXaaX a1 —S*)—RaRgReRs + 


RrRoXae(Xss—Xe)+RaksX qQXrr—- 
XaaX qX rr(Xss—Xc)(1—S?)+ 
RaRyXrw(Xss—Xc)+ReRsXaaX rat 
XqqXrrXasX{1—S?)+j{| —RaX qr? 
(Xss—Xc)—RgXaaX qrX{1—S?*) — 
RrRaRsX qqQt+RrX aaX qq Xss—Xc) 
(1—S?)—RaReRf{Xss—Xce)— 
RyRsReXaa—RyXreXas*+ 
RaX qqQX rr Xss—Xe)+ 
RsX aaX qqX rel —S*) — RaRgRsX ert 
RyXaaXrr(Xss—Xe)— 
ReXqXas{1—S?)} (95) 


The resistance Rg is the sum of the re- 
sistance of the S winding and the resist- 
ance of the condenser. 

The vector diagram for these equations 
is given in Figure 10 and except for scale 
is similar to that given for the 2-phase 
induction motor used as capacitor motor. 

When solved equations 87 to 90 give 
the following results. 


Vv 
Ig=pl—XeoXasXn—XaeX asRot 
The torque equation now becomes 
ee KaaRetSX phe 
G\ —Xq@XreXas—S?X asX qn? + T=Xeaala‘ly+Xasls + ly—Xqlg*la— 
XasX qr? t+S?X aX asXrr+ Xrle ‘Ig (96) 
RReXastSX qrRyX ss— 


SRXqrXe}] (91) Equations 87 to 90 may be written in 
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(JXqlq)q 
(-UXdI¢)a— 
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UX mr(IR+1q)R 


(SlyXa)q UX 
a , oUt it), 


-JUXma( 1 a’ JR) 


Figure 11. Vector diagram of a capacitor 
motor in terms of leakage and magnetizing 
reactances 


terms of leakage and magnetizing react- 


ance, The following substitutions should 
be used. 
Xaa=XatXan (97) 
XxX, 
=Xat+—> (98) 
a 
Xx; 
=Xat-> (99) 
a 
where 


Xa=leakage reactance of the direct axis 
winding 


Xam=Mmagnetizing reactance of the direct 
axis winding 


Xms =Magnetizing reactance of the S wind- 


He 
Xss=XstXmsg (100) 
Xrr=Xr+Xmr (101) 
Xqqg=Xq+Xqn (102) 

=X +Xor 
Se oe (103) 


The quadrature axis constants are 
measured from the R winding and hence 
the ratio of turns of the R winding and the 
q Winding is assumed 1-to-1. Where 


X,=leakage reactance of the quadrature 
winding 
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Figure 12. Schematic diagram of a repulsion 
motor 


Xmr=Magnetizing reactance of the R 
winding 

Xqm=Mmagnetizing reactance of the quad- 
rature winding 


(104) 


Substitution of these equations in 
equations 87 to 90 gives 


—jlaXa— 


(Ip +1) SXme—LSXq) (105) 
L\ekn 
0=1eSXa +(t. ua t) sims Ss 


WgXqg—(CUr+1y)jXmr (106) 


I 
V=IskgtIsi(Xs -x.)+( Is+ 1) ins 
(107) 


V=I[rRetlejXet+Ur+l)jXme (108) 


where X, and X, are the leakage react- 
ance of the R and the S windings respec- 
tively. 

From the foregoing equations the 
vector diagram shown in Figure 11 is 
drawn. The equations 105 to 108 and the 
vector diagram are exactly similar to those 
obtained by the cross-field theory. 


Application to the Repulsion Motor 


In its simplest form the repulsion motor 
may be represented by the diagram of 
Figure 12. 

‘The rotor is short circuited by brushes. 
The brush axis is set at an angle B with the 
stator axis. Some of the rotor conductors 
are locally short circuited by the brushes 
which cover them. These conductors 
constitute the quadrature axis and local 
current 7, flows through them. The rest 
of the rotor turns are in series and as such 
are short circuited by the brushes, and 
constitute the direct axis circuit. 

The stator could be divided into two 
circuits, one in space phase with the 
direct axis and has N cos @ turns, N being 
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the stator number of turns, and the other 
in space phase with the quadrature axis 
and has Vsin 8 turns. The rotor rotates 
as shown and hence causes the quadrature 
axis to lead the direct axis in space. 
Hence da/dt= —ws. 

The basic differential equations are 


d 
prey eee (109) 
dt 
dwa Na da 
= (= —7) —_— —— y,— 110 
Va 0) 1aRa dt Ny Tit ( ) 
' dy, Nz, da 
09 =0= —igRy— Sat aE 7 (111) 


In setting up the differential equations 
the ratio of the number of turns in the 
direct and quadrature axis should be 
taken into consideration. The flux link- 
ages W, of the quadrature’axis generate a 
speed voltage in the direct axis of value 
Na/N,/Woda/dt. Similarly the flux link- 
ages Wq of the direct axis generate a speed 


Figure 13, Diagrammatical representation of 


a repulsion motor 


voltage in the quadrature axis given by 
N,/Navada/dt, where Nz is the number 
of turns on direct axis and JN, is the 
number of turns on quadrature axis. 
Here also because of the direction of rota- 
tion 


a = -as= Se (112) 
The flux linkages are given by 
W=Lyuit+MatatMaig (113) 
va=Laatat+ Man (114) 
vq=Legigt Mar (115) 
Let 
Na 
a= (116) 


and substitute equations 113 to 116 in 
equations 109 to 111. The following 
equations will result: 


A di, 
am aR tla #4 Ma! Mase “f (117) 
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dig diy / 
= —igRqg—L M; 
va=0 taRa ad, ag, — 


d 
aigheg tiiMig) 7 


dig di, 
=0=-i,R,— Lory My— 


ny ‘ 


: ‘ d 
“(ialaa fi Mi 


119 
dt gf i 


When converted to steady state form 
these equations yield 
VELA tghxXutlejXia +1, jXig (120) & 


Va=0= —IgRa—jlaX aa —J Mia + 
SalyX qq + Sali Xig 


Vg=0= —TRg—J1gX gq —JUX ig — 


(121) _ 


S S : 
-lWaXaa—-Ui Xia (122) 
a a ; 


The solution of these equations for I), 
I,, and I, gives the following results: 


Vv. 
h=5 [RaRyg—X aaX gq(1 —S?)+ 


F(RaX ggtRyX aa)} (123) 
Vv = 
Ia => D [XiaX (1 —S*)+SaRgXig— 


GRqX1a] (124) 


V ry 
L==[XigX aa(1 —S?)+—RaXia— 
D a 
jRaX) (125) 


where 


D=RRaRy— RiX aaX qq 1 —S?)— 
Xu X gqRa—RyXuXaatRaXi’?+ 
RyX1a2+j { RiRaX qq+RiRyXaat 
RaRyXu—XuXaaX ql —S$?)-- , 
Xig?X aa( 1 — S?) + Xia? Xq(1 —S?) — : 


S 
“KiaXigRat SaXigXraRg} (126) 
The torque equation is given by 
N N 
Paul ven! eg Vie \) (127) 
N 
=Xm cos ali XI,’—Xm sin al,XIq’ (128) 


where 


Xm is the magnetizing reactance of the 
stator winding 


Figure 14. Schematic diagram of a series 
motor 


AIEE TRANSACTIONS 


| 


(129) 


(130) 


_ ANALysIs IN TERMS OF LEAKAGE AND 


MAGNETIZING REACTANCES 


The values for self and mutual react- 
ances are given by 


In=M+M (131) 
Ma,= Mi— cos 8 (132) 
N, 
My =M,-* sin 6 (133) 
M 
N, 2 
-* (134) 
M 
Ng 2 
@=Ll,+ jh 
at (%) ( 35) 


If equations 131 to 135 are substituted 
in equations 117 to 119, the following re- 
sults will be obtained for the steady-state 
condition: 

V= LR tj(Xit Xm) Hay! Xm cos B + 


Noy 
Toy JXm sin B (136) 
N, 
0=—l—[jXm cos B—SXm sin B]— 
N; 
N, 2 
1 Rabie tixn( 2) + 
| 


N Ny\? 
Ws XetXn( 32) | (137) 
1 


"Xm sin B+SXm cos B]— 


Nd . xe] 
A sees 


N,\2 
1] RetiXetiXm(%*) | (138) 
1 


o=-1 


where X,, Xq, and X, are leakage react- 
ances of the stator winding, the direct axis 
winding, and the quadrature axis winding. 
Xm is the magnetizing reactance of the 
Let 


stator. 


‘ca 15. Diagrammatical representation of 
4 series motor 
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Figure 16. Equivalent circuit Ri 
diagram of a series motor 


Iq! =lex (139) 
1m = (140) 
Ra’ =r) (141) 
R, =r(7) (142) 


When equations 139 to 143 are sub- 
stituted in equations 136 to 137, the fol- 
lowing equations will be obtained: 


V=L[RitjXitjXm)]+la'jXm cos B+ 
I,'j7Xm sin B (144) 


0=—l[jXm cos B—SXm sin B]— 
Tq’ (Ra! +j(Xa' +Xm)]+ 
Ty’S(Xq' +Xm) (145) 
=—][jXm sin B+SXm cos B]— 
Tq’ S(Xa’ +Xm) —Iy' [Ry’ + 
HXq'+Xm)] 
The solution of these equations for the 
currents gives 


(146) 


Vv 
Tym Ra’ Ra’ — XX —S*)+7( Ra’ +Rq!)X] 


(147) 


Vv 
Ia’ = [Xm XC — S*) cos B+ 


SR’ Xm sin B—jRy’Xm cos B] (148) 


Vv 
Ty =p [XmX(1 —S?*) sin B— 
SRa!Xm cos B—jRa’Xm sin B] (149) 
where / 


X=Xq!+Xn=Xy'+Xm 


Din Rekey Ryle —S2) — 
(Ra! +Rq’)( Xi +Xm)X + 
Xm?([Ra’ sin? B+R,’ cos? B]+ 
F(R Ra! + Ra’) X +Ra'Rq'(X1+ 
Xm)—(Xa+Xm)X%1—S?)+ 
Xm?X(1—S?)+SXm%X( Ry’ —Ra’) 
sin B cos B] (151) 


(150) 


The torque equation then becomes 


aoe m 


f(y nee fells S(Ra’ cos? B+R,’ sin? 8) 


fhe —X%(1—S?))— 


(Ra’+Ry’) X(Ra’ — Ry’) sin B cos 6] 
(152) 
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JXi 


JXm = 


kK 
OlX< 
3 


Application to Series Motors 


In its simplest form the series motor 
may be represented by the diagrams 
shown in Figure 14 and Figure 15. 

The differential equations are as fol- 
low: 


d d 
naakit  einRat an = (153) 
d 

t=O = —i,R,— — a i, (154) 
where 

Yi=Liit+Mary (155) 
va=Laah (156) 
Vq=Lygig+ Mair (157) 


Substitution and transformation into 
steady state give 
Vi=hRitjXuht+tjX s +] Ra ne dalit 
SiXs wy 


“I+ SXey, “1, (158) 
N, 


N, 
O= —I,Ry—jXqlg—jXali rs Xaali 
a 


(159) 
Solution for I, and I, gives 
Vv ; 
=p -RetsXeal (160) 
Wie : 
I, “Hl sexe -iXa (161) 


where 
Na 
= -[ R(x +RatSXa— ) - 
M 
X oq Xut+Xaa)+S*XaaXqqg+X q+ 
N. 
i Xe Ret Ret Sku) + 
1 
Rf XutXaa)+XuSX 


Na Na | 
—X4a-— X, 162 
ee oe No x) : 


The torque equation is given by 


Ng Na 
TS —_ : —— “T, 
Th o( niY I, a s) 


N 
= ww kath “L; (163) 
a 
y? Na 
~ [Dl [Re +X qq? |X My 
synchronous watts (164) 
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To give the currents and torque in 
terms of leakage and magnetizing react- 
ances, rewrite the basic equations as 


d 
Perit ety (165) 
dt 
dya Na, da 
= 7% —y,— 166 
Vee et rape as 100) 
. dy N,. da 
0 =0= —i,R, aoe (167) 
But 
AN, 
Mg= y Mi (168) 
N 
Me=(¥) M (169) 
Ng 
=| — } My, 170 
My (=) 1 (170) 
N, 2 
(2) (171) 
Iq Ny 
Ww=a(L1+ My) +ig7Ma (172) 
Ya=t(Lat+ Ma) (173) 
Yq = tq Lg + Mg) + Mats (174) 
Let 
pies; 175 
1% ny,’ ( ) 
N, - 
Ry’ =R,{ — 
q (*) (176) 
a 177 
a 
Na (177) 


The steady-state equations may be 
found to be 


V=L[RitjXitjXmJ+hjXm—Va (178) 


eg aa 
Va= 1] ka +jXati— +t] 
a a 
Xm 
1's(oxe4™2) (179) 


ont ( Soxe+ ¥"_ xq) 
a 


Ig=h (182) 
xX 
(x +22) itn 
L= : (183) 
A+jB 
where 


A=R,/(RitRa)—X1Xm—-—vXaX 


S 
(XitXm)+7 Ra Xm—a?X 
Pg 2 
(x.+*) (1—S?) (184) 
Xm 
Ba Re +%m) bath et") + 
x 
aSXn( Xe +n) 
a 
Xm 
(Ry'+0°Ro Xa4*") (185) 
The torque equation is given by 
(186) 
om (Rq’)?+(a?7Xat+Xm)? 


a A?+ Bt 
synchronous watts (187) 


Equation 181 could be written 


(188) 


1 


rs Ry’ +j(a?Xa rey aa 
Vv 


+ Sean 
Bue Sones +j{ Xi+Xa+XmX 


v \2 
a5 xt *2) +Xn? 
(1+4))+ = . 
Ry’ + it{ Xa <2) 
a 
(189) 


If R,’ is infinite, the equivalent circuit of 
the motor becomes as shown in Figure 
16. 

The component SX,,/a the only com- 
ponent variable with speed represents 
the developed power or power output, 


Iy’[Rq'+ja*Xat+jXm] (180) 
These equations give since 
Ry! +j(a?Xa+Xm) 
j= ee an 
; ALB (181) mia 
Discussion 


W. G. Heffron (General Electric Company, 
Schenectady, N. Y.): Dr. Sabbagh’s dem- 
onstration of the wide applicability of the 
2-reaction theory is very interesting. The 
fact that graduate students of Purdue Uni- 
versity worked up the solutions is not only 
to their credit but to Dr. Sabbagh’s, for it 
is a sign of his unusual ability as a teacher to 
inspire his students to greater efforts. 
Gabriel Kron has written! the general 
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equation of all rotating machines as the ten- 
sor equation 


e=Ri+py+yyps (1) 


where y is +1 depending on whether, in 
this case, the d or q axis is considered. Thus 
Dr. Sabbagh’s paper is chiefly interesting in 
its application to vector diagrams. Kron 
gives equivalent circuits for these motors in 
references 1 and 2 of this discussion which 
would be useful in developing the vector 
diagrams, et cetera. 

It is disappointing not to see the equa- 
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ve 


and tl Nh 


SX 
Power output =ST= alte 


(190) - 


This result could be predicted from — 
physical reasoning. 
I,SX,,/a is the speed generated voltage 
or back electromotive force of the motor, — 
When this is multiplied by the armature 
current the developed power results. 


Conclusion 


The basic equations derived from the 
2-reaction theory are applied for the 
analysis of asynchronous motors. When 
the self and mutual reactances are re- 
placed by their equivalent values of 
leakage and magnetizing reactances, the 
equations thus obtained are those of the 
so-called cross field theory. No vector 
diagram is necessary for the establish- 
ment of these equations. 
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tions in a per-unit system. Its use is be- 
coming widespread in industry; it is hoped 
that the universities might employ it more 
fully to better prepare their graduates. 

It seems to the writer that Dr. Sabbagh, 
in listing the advantages of the 2-reaction 
method, has not stressed the primary reason 
for the simplicity of the equations, which is 
that the inductances do mot vary with time. 
To illustrate this advantage, per-unit equa- 
tions which are, more or less, phase equa- 
tions of the single-phase and 2-phase motors 
are given below. The writer objects some- 
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Figure 1. Single-phase induction motor 


what to the use of the d and g notation for, 
as used by Park,’ such a notation refers to 
equivalent circuits that rotate with the 
rotor, whereas Dr. Sabbagh’s system has the 
equivalent circuits fixed in space in a modi- 
fied form of the a, B, 0 system popularized 
by Clarke‘ and most recently used by Con- 
cordia.® In this matter, as well as whether 
the q axis leads the d, or vice versa, it ap- 
pears to be every man for himself and an en- 
suing confusion of the reader. A suggestion 
that the notations mean what they mean in 
the so-called ‘‘classical’’ papers is hereby 
made by the writer. 


SINGLE-PHASE INDUCTION MoTor 


For the coil locations shown in Figure 1 
of this discussion the phase equations are 


h=Xyiit+Xyiy cos a (2) 
Y¥2o= Xoi2+ Xoyzis sin a (3) 
=X ppg +> Xiyi, cos a+ Xoyig sin a (4) 
Vs= Reis bby (5) 
Vi=0=—Ri—pyr (6) 
V2=0= —Riz— pyr (7) 
The general transformations are 
Ka=K, cos a+K:2 sin a (8) 
Kqa=K, sin a—K2 cos a (9) 


Investigating the application of equations 
7 and 8 to equation 3 we see that if Xiy=Xoy 
equation 3 becomes 


vr=Xoyig t+ Xigia 


Such an equality is indicated in this case be- 
cause of the nature of the rotor. But if the 
motor were an unusual design (say a single- 
phase reluctance motor) so that x1,#x2;, this 
type of transformation would not be appli- 
cable. Asa matter of fact there is no trans- 
formation which will eliminate trigonometric 
coefficients where both the rotor and the 
stator exhibit saliency. If the motor we are 
considering was salient in the rotor and 
smooth in the stator the desirable trans- 
formation would be one that gives equiva- 


(10) 
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lent circuits rotating with the rotor and 
positioned with the centerlines of the two 
dissimilar rotor circuits. Conversely, the 
transformation used here is still applicable 
if the stator is salient and the rotor smooth. 
In such a case X; and X» would contain a 
constant and a cos 2a term and a new re- 
actance X,. which also is a sin 2a term 
would be created by the saliency. Chapter 
2 of reference 3 of this discussion has a treat- 
ment of a similar case which shows that the 
magnitude of the variable part of X; and X 
approximately equals the magnitude of Xj. 

If it is true that X,;y= Xo, it follows that 
X\;=X, and the transformation to give Wa 
follows very simply. It is of interest to 
show the transform which gives ea. 


ea = 0 = — Rit cos a — Roty sin a — 


cos apyi—sin apy. (11) 


We now find that R,;=R, is a necessary 
condition for this transformation to be use- 
ful, and not a particular case as Dr. Sab- 
bagh insinuates. With this satisfied, 


éa = — Rita — cos api — Pipcosa+ , 
Yip cos a — sin apy, — Yop sin a+ 
Yap sin a (12) 


ea= —Ryia— ply cos a+y2 sin a] — 
[vi sin a—y. cos alpa (13) 


ea= —Rita— pla—voh (14) 
Two-PHASE INDUCTION MoTOoR 


Again the applicability of the transform 
depends upon the two rotor circuits being 
identical except for the phase relationships 
(that is, Ry = Ro, X71 f1(max) = Xy272(max), etc. ). 
With these satisfied, and a constant air gap, 
the equations for the circuits of Figure 2 are 


vyn= Xptpn+Xrpini cos at Xpeptro sin @ 
(15) 


Vr=X ptipe+ Xrrypoitri sin a— 
Xpopetre cos @ (16) 


Yrn=Xin+ Xnnin cos a+ 


Xrypoif2 sin a (17) 
vn=XintXppin sin o— 

Xropotf2 cos a (18) 
Vn=Rpinthln (19) 
Via= Rytpet bby (20) 
Vi =0= —Rin—pyn (21) 
V2.=0= —Rin\— ora (22) 


Using essentially the same transform as 
before 


Wa= Xin cos a+ Xi. sin at 
Xnpin cos? a+ Xpopin sin? a+ 
Xpptfe Sin a COS a— 


Xpoyetf, cos a sina (23) 


va=XiatXnpin 


=Xaaiat+Xanin (24) 


Similarly, we obtain 
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Figure 2. Two-phase induction motor 


vq or X14 a Xroyotpe 


a X gata t X gsotye (25) 


The other equations, of course, follow by 
the same routiné. Note, however, that it is 
not necessary to restrict the equations by 
the relationships given in equations 37, 38, 
and 39 of the paper. Thus this same analy- 
sis may be easily extended to cover the “‘two- 
phase induction motor used as a capacitor 
motor” and ‘‘the capacitor motor.” 
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E. M. Sabbagh: I would like to thank 
Mr. Heffron for his interesting discussion 
of the above paper. His kind words are a 
source of encouragement and are greatly 
appreciated. 

With regard to the d and g notations, I 
still feel that they are the correct ones to 
use. In Park’s paper the armature is sta- 
tionary and the field is rotating. This is 
usually the case with large synchronous 
machines. On the other hand if, as is some- 
times the case with small synchronous ma- 
chines, the field is the stator and the arma- 
ture is the rotor, the d and g windings 
equivalent to the armature will be stationary 
in space and rotating with respect to the 
rotor. The d winding is along the same axis 
as the field winding and the g winding is in 
quadrature with the d winding or along the 
interpoles. This is exactly what has been 
assumed in the paper. The saliency in this 
case is on the stator and the equations de- 
veloped are to cover this case. This 
assumption is indeed fortunate as the arma- 
tures of asynchronous machines are the 
rotors and the fields, the stators. 


1757 


Ignition Delay in Oil Burners 


FERDINAND HAMBURGER, JR. 


FELLOW AIEE 


URING the fall of 1949 an oil burner 
D installation in an apartment house 
development failed to give satisfactory 
performance. Within a very short time 
“puffs’’ of considerable magnitude oc- 
curred in eight out of 14 burner locations 
with repetition of this difficulty as many 
as six times for a single burner. The 
burners involved were gun type domestic 
oil burners burning from five to fifteen 
gallons of oil per hour. The difficulty was 
traced to ignition delay, and this paper re- 
ports a program of test that has been con- 
ducted to investigate the delay phenom- 
enon. The delay referred to is the time 
delay occurring between the application 
of voltage to the primary of the ignition 
transformer and the initiation of the 
spark discharge in the spark gap. This 
paper reports the results of this test pro- 
gram, and indicates the direction to be 
taken in further investigation of the delay 
phenomenon. 


Test Arrangement 


A standard domestic oil burner has been 
used in all tests, without oil. The elec- 
trodes used are commercial nichrome 
electrodes of 1/8-inch diameter adjusted 
for a 1/8-inch spacing. The power sup- 
ply to the burner has been arranged so 
that the starting of the blower motor has 
no effect upon the voltage supplied to the 
ignition transformer primary. 

A special timer was constructed to 
automatically cycle the oil burner for any 
desired on-off period, and to simultane- 
ously control a 2-pen Brush Oscillograph 
used to measure the delay. (This oscillo- 
graph was modified by the installation of 
a relay to permit automatic starting and 
stopping.) One pen of the oscillograph 
records the instant of application of volt- 
age to the ignition transformer primary, 
while the second pen records the incidence 
of the spark discharge. Measurement of 


the time difference between the start of 
the traces of the two pens gives the time- 
delay, that is, the time between applica- 
tion of voltage to the ignition transformer 
primary, and the beginning of the spark 
discharge across the spark gap. 

For most of the tests, the ignition 
transformer was mounted external to the 
oil burner in order to enable monitoring 
and measuring of the secondary voltage. 
A check showed that this arrangement 
caused no significant difference in delay 
time from runs made with the transformer 
mounted on the oil burner. 

A schematic of the test arrangement is 
shown in Figure 1. It will be observed 
that one of the Brush Amplifiers measures 
the voltage across the ignition transformer 
primary, while the other, connected a- 
cross a very low resistance shunt in series 
with the ignition transformer primary, 
indicates by the increase in transformer 
primary current the existence of the spark 
across the spark gap. The cycle of oper- 
ation is as follows: timer contact K1 
closes and operates relay K3 to start the 
record paper in the Brush Oscillograph. 
One second later, timer contact K2 closes 
operating K4, K5 and the main relay K6 
which applies voltage simultaneously to 
the blower motor and ignition transformer 
primary. 

The timer is so arranged that the Brush 
Oscillograph is disconnected after about 
ten seconds (or any desired interval) inde- 
pendently of the ‘‘on-time’’ of the cycle. 
The center pole of the relay K6 operates a 
simple counter showing the number of 
cyclesof operation. The several capacitors 
shown and the resistors R1 were required 
to prevent the operation of the several re- 
lays from false-triggering the timer. 


Test Program 


Preliminary investigations indicated 
that with a given spark duration, followed 
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/) 


er 


by an off-period before reapplication of 


voltage to the ignition transformer pri- 


mary, the length of the off-period was a 
factor in the delay time. 
careful measurements showed this as- 
sumption to be erroneous as will be shown 
later. However, for a given test condi- 
tion, a series of 100 applications of voltage 


for varying off-periods was made for many 


runs before it became evident that this 
was unnecessary. 

Test data have been obtained for many 
conditions of operation, but in the in- 
terest of brevity, only a portion is re- 
ported here. The test data can best be in- 
terpreted by noting the following: 


1. No attempt was made to control such 


factors as temperature, humidity or baro- 
metric pressure since it was desired to de- 
termine the delay time that might be ex- 
perienced in actual practice. The test runs 
reported in this paper were made through 


the period from November 1949, to Septem- 


ber 1950, during which time the usual range 
of barometric, humidity and temperature 
conditions was encountered. 


2. The test technique consisted of applying 
voltage simultaneously to the blower motor 
and ignition transformer primary, and then 
removing the voltage at the end of one 
minute—this has been referred to as a one- 
minute ‘‘on-time.”’ 


3. A waiting period of varying length (as 
noted previously) was introduced between 
successive applications of voltage, and is 
called the “‘off-time.’”’ Arbitrary off-times 
of one minute, 2'/, minutes, 4!/. minutes, 
9 minutes, 14 minutes, and 29 minutes have 
been used. 


4. The blower, when operating at normal 
speed, produced an air velocity of approxi- 
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mately 50 feet per second. The electrodes 
in all cases were normally mounted in the 
draft tube, the spark occurring in the verti- 
cal plane, and spacing was maintained at 
1/8 inch, although it could be checked only 
at the beginning and end of each run of 100 
trials. The spacing was controlled by using 
a new 1/4-inch drill asa feeler gauge. The 
electrode tips were rounded with a radius of 
roughly 1/16 inch. 


5. The variation in the surface condition 
of the electrodes is difficult to control since 
it is not possible to polish or treat them be- 
tween successive applications of voltage. 


“APPLICATION oF vouTace 


INITIATION OF DISCH ARGE | 


APPLICATION OF VOLTAGE | 
| J INITIATION OF DISCHARGE 


fe veLay 3 SECONDS —x| 


Figure 2. Typical delay record. A-zero 
delay; B-3-second delay 
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Figure 1. Sche- 
matic diagram of 
test arrangement. 


Connections from 

Brush amplifiers to 

BRUSH Brush oscillograph 
AMPLIFIER are not shown 


K3 - AUXILIARY OSCILLOGRAPH RELAY 
K4- AUXILIARY EQUIPMENT RELAY NO.! 
K5-AUXILIARY EQUIPMENT RELAY NO. 2 
KG6-MAIN RELAY (CENTER POLE OPERATES COUNTER) 


Some evidence is presented later indicating 
the possible extent of this effect. 


6. Figure 2 shows two typical records, A 
shows zero delay and B a 3-second delay. 


Test Results 


EFFECT OF “Orr-TIME”’ 


Since initial investigation indicated that 
off-time was possibly significant, many 


‘runs were made using various off-times. 


The typical data plotted in Figure 3 
seem to show that the off-time is not 
significant since the spread for repeated 
runs at a fixed off-time is as great as the 
spread between runs for various off-times. 
The data, for convenience, are plotted on 
probability paper using delay-time as 
ordinate and cumulative per cent as ab- 
scissa. Thus, for example, the percentage 
of the delays occurring between zero and 
three seconds is given by the abscissa at 
the intersection of the curve and the 3- 
second line. | 

The evidence of Figure 38 makes it 
possible to accumulate all the data with- 
out regard to off-time, and present a 
composite picture of delay, represent- 
ing in this case the results of 900 ap- 
plications of voltage. This is curve A of 
Figure 4. 

In order not to be extravagant in the 
use of recorder paper, the recorder operat- 
ing time for each operation was generally 
about ten seconds. Thus, any delay in 
excess of slightly over nine seconds could 
not be measured. In all the plotted data, 
therefore, all delays in excess of nine 
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seconds are grouped, and the exact length 
of these delays is unknown. 


EFFECT OF VOLTAGE 


A comparison of curves A and B of 
Figure 4 shows the results of reducing the 
ignition transformer secondary peak volt- 
age from 14,661 volts for curve A to 
12,579 volts for curve B. Observe, for 
example, that with the transformer oper- 
ating at a secondary peak voltage of 
14,661, in 98 per cent of the cases the 
delay was five seconds or less; but when 
the voltage is reduced to 12,579, in only 
86 per cent of the cases was the delay five 
seconds or less. Also note that for 14,661 
peak volts, in 99.6 per cent of the cases 
the delay was eight seconds or less; but 
for 12,579 volts, the delay was eight 
seconds or less in only 93.5 per cent of the 
cases. 

An even more striking result of chang- 
ing the applied voltage can be seen by a 
comparison of Figures 5 and 6. The two 
curves shown here represent the most 
carefully controlled set of data obtained 
to date, and show clearly that an ap- 
proximate 50 per cent increase in voltage 
applied to the spark gap results in a 10- 
fold decrease in delay, 


Errect OF ELECTRODE SURFACE 


CONDITION 


In an effort to determine the signifi- 
cance of electrode surface condition, sev- 
eral series of data of one hundred points 
each were taken following careful polish- 
ing of the electrode surfaces. Successive 


IN SECONDS 


DELAY 


10 30 50 70 BO 90 95 99 99.9 30 50 
CUMULATIVE PERCENTAGE CUMULATIVE 
Figure 3. Effect of “off-time'' on delay. Transformer A secondary Figure 4. (A). 


peak volts 14,661, 


firing caused the surface to gradually 
change from an initial mirror-like condi- 
tion to a condition of marked grayness 
and quite noticeable pitting. Such a 
series of data are shown in Figure 7 which 
are actually the data from which Figure 5 
was plotted. Figure 7 represents data 
taken in the order of numbering of the 
curves, Prior to run number one, the 
electrodes were carefully polished to a 
mirror-like appearance by the use of 
number three zero metallographic dry 
emery paper as the final polishing agent 
and microscopic observation at a magni- 
fication of approximately thirty times. 
Between runs one and six, in each case 
the electrodes remained untouched, but 
were observed by the microscope. 

An examination of the figure seems to 
indicate that the delay is progressively 
worse as the electrodes are fired, but after 
a time, the delay becomes less and may 
even improve over the initial polished 
condition, The data are quite fragmen- 
tary, and there has been some evidence 
that this effect does not always appear, 
This is not surprising in light of the many 
other possible variables, 


SUMMARY or DATA 


Figure 8 presents a summary of a por- 
tion of the available data. It covers 
measurements from June 28 to November 
25, 1950. All data were obtained with 
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Data of April 3 to April 19, 1950 


IN| SECONDS 


DELAY 


14,661, 


10\ BO) #90) -295 99 


PERCENTAGE 


Transformer A, delay for secondary peak voltage of 
(Summation of data of Figure 3). (B). Transformer A, delay 


for secondary peak voltage of 12,579. Data of January 27 to February 


Transformer B at a secondary peak volt- 
age of 14,661 volts. The curve shows the 
tremendous range of possible delay, It 
also shows an apparent contradiction of 
the effect of polishing the electrodes; 
curve (14a) before polishing shows longer 
delays than curve (14b) after polishing, 
but curve (15a) before polishing shows 
shorter delays than curve (15b) after 
polishing. In addition, these data in- 
dicate that there is no noticeable effect of 
the spark orientation, that is, whether 
the spark occurs in the horizontal or ver- 
tical plane, 


Ierreer OF IRRADIATION 


It seemed obvious that the ignition de- 
lay could be greatly reduced by irradia- 
tion of the gap, and this was investigated 
during some preliminary studies using a 
3/16-inch gap, Experiments showed that 
delays could readily be reduced from a 
range of several seconds to well below one 
second, Under the particular conditions 
of this test, for example, without ir- 
radiation 25 per cent of the delays ex- 
ceeded two seconds; whereas with ir- 
radiation, under otherwise identical con- 
ditions, no delays exceeded 8/4 of a 
second, ‘The irradiation was from a 
neutron source producing in the region of 
the spark gap approximately 500,000 ion 
pairs per cubic centimeter per second, per 
atmosphere, 
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Field Study 


As was stated in the Introduction, the 
tests described above were carried out as a 
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Figure 5. Transformer B, delay for secondary 
peak voltage of 14,661 volts. Data of July 
12 to July 21, 1950 ; 
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Figure 6. Transformer B, delay for secondary peak voltage of 22,403 


SECONDS 


IN 


DELAY 


10 30 50 
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volts. Data of August 2 to August 8, 1950 


result of a series of ‘‘puffs’’ that occurred 
in a number of oil burner installations. 
These burners were using from five to 
fifteen gallons of oil per hour. A study of 
the phenomenon in the field forced the 
conclusion that ignition delay was re- 
sponsible. This conclusion is emphasized 
by the following facts. 

Plans were made to install a series relay 
in the ignition transformer primary, and 
this relay, operated only upon ignition, 
then energized the motor driving blower 
and pump. Thus it would not be possible 
to have an explosive mixture in the boiler 
before ignition was present. 

To date, 142 such relay installations 
have been made, the first on October 29, 
1949, and the great majority during the 
months of December 1949, and January 
1950. All of the burners thus equipped 
have functioned entirely satisfactorily. 


Conclusions 


The tests reported here show that long 
ignition delays are possible with the 
commonly used ignition system of gun 
type oil burners. The delay could be 
effectively reduced either by arranging for 
adequate irradiation of the gap, or by a 
50 per cent increase in secondary voltage 
of the ignition transformer. 

The basic factors causing the long de- 
lays have not yet been discovered, but a 
program of investigation is anticipated. 
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It is the intention to study the phenom- 
enon by use of a simulated oil bumer 
system to permit control of all possible 
variables. It would be valuable to have 
available data as to the maximum permis- 
sible delay for various rates of fuel con- 
sumption. It should be remembered 
that a delay of short duration may not 
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Figure 7. Effect of electrode surface condition on delay. Data or 


Figure 5. 


be the cause of a serious “‘puff,”’ but may 
be responsible for excessive noise and 
vibration, 


Discussion 


M. W. Sims (General Electric Company, 
Fort Wayne, Ind.): After Dr. Hamburger’s 
first disclosure of investigations indicating 
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Figure 8. Summary of data from June 28 to November 25, 1950. 
Transformer B, secondary peak volts 14,661 
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spark delays, we were frankly skeptical. 
Our simple tests, using an unfired oil burner 
with the electrodes set at the manufacturer’s 
recommended spacing, indicated no_ per- 
ceptible delays. 

Since that time other tests have been 
made using simple electrodes in still air with 
various gap spacings. With this arrange- 
ment it was quickly shown that there does 
exist a gap spacing such that spark delays of 
the order of magnitude reported by Dr. 
Hamburger will occur, even with an applied 
voltage of 10,000 volts. There appears to 
be, for any gap, a marginal band of voltages 
such-that breakdown occurs only after some 
delay. Increasing the voltage above this 
marginal band effectively eliminates the de- 
lay—for that particular gap. 

However, the delay phenomenon has been 
demonstrated with voltages as high as 
17,000 volts rms, and would undoubtedly 
occur at even higher potentials if the elec- 
trode configuration should be such that the 
applied voltage is in this not-completely- 
defined marginal region. 

It would seem therefore that higher igni- 
tion transformer voltage would not neces- 
sarily eliminate spark delay where it is a 
problem. High available voltage, without 
an electrode configuration having suitably 
low breakdown voltage, would be wasted. 
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Also, there is real reason to question the 
relative economy of increasing available 
voltage as compared with decreasing break- 
down potential, if an improvement in the 
ratio of the two should be needed. 

There still exists an apparent lack of 
correlation between the delays measured by 
Dr. Hamburger and the long history of suc- 
cessful, and apparently instantaneous, igni- 
tion from the 10,000-volt source provided in 
most domestic oil burners. However, there 
can be no doubt that Dr. Hamburger is 
making a valuable contribution in his syste- 
matic and completely unprejudiced investi- 
gation of the delay phenomenon. He should 
be encouraged to continue this excellent 
work, 


Ferdinand Hamburger, Jr.: Mr. Sims’ 
point, that for any gap a marginal band of 
voltages exists for which delays will occur, is 
obvious as is his further point that electrode 
configuration as well as available voltage 
play a part in the delay picture. However, 
the data presented in the paper are for gap 
distances, configurations and voltages in 
practical use today, thus apparently present 
operating standards place the operation in 
the ‘marginal’ region. As is shown in the 
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paper, an increase of 50 per cent in avéilable — 
voltage reduces the delay ten-fold for the 
same gap configuration. To achieve this — 
same reduction in delay, using the normal 
10,000 volts rms ignition voltage, by chang- 
ing gap configuration does not appear to be a 
practical solution due to the difficulty of 
maintaining close gap spacings or pointed 
electrodes over long periods of time in prac- 
tice. 

Mr. Sims’ second point with respect to the — 
long history of successful operation of 
domestic oil burners is well taken, and has 
puzzled the author as much as anyone. — 
The important points seem to be, (1) there 
is no actual knowledge of permissible delay — 
length as related to rate of consumption of 
fuel, although there is reason to expect that a 
given delay will be more serious the greater 
the burning rate, and (2) data from field ex- 
perience is quite unsatisfactory as to the 
identification of the cause of ‘puffs’ that do 
occur. 

The author hopes to devise a technique 
for making an actual study of the delay of 
ignition of oil burners in service as well as 
continue his efforts to determine the basic 
factors involved in causing the delay. Fi- 
nally, the author wishes to thank Mr. Sims 
for his continued interest and his encourage- 
ment. 
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N 1926 the first crossbar automatic 
telephone office was placed in opera- 
tion in Sweden at Sundsvall for 3,500 sub- 
scribers by the Swedish Telephone and 
Telegraph Administration.1 Today there 
are about 1,750 crossbar telephone offices 
in Sweden serving 260,000 subscribers. 
The crossbar system used in these in- 
stallations is known as the Standard 41 
System of the direct dial controlled type 
and the links used for connections are 
progressively selected as in a step-by-step 
system.” The maintenance required to 
obtain reliable service in this system was 
so low that most of the small offices were 
left unattended. However, the first cost 
of the system was rather high. Therefore, 
an effort was made to design a new cross- 
bar system which would have low first 
cost, low maintenance and improved 
traffic facilities. 

This effort has materialized in a new 
common control crossbar system de- 
nominated A-204, This system is based 
on ideas proposed in 1912 by Betulander 
and Palmgren,} but for some reason their 
ideas were at the time not practically 
utilized. 

When information, however, was ob- 
tained about the advantages of the 
American marker crossbar system, work 
was resumed to design a similar Swedish 
system. New telephone offices accord- 


*Coinventors of the automatic telephone system 
described in this paper. 
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ing to this common control crossbar 
system have been constructed in Sweden 
and others are being projected. 


Application of the New Common 
Control Crossbar System 


The new common control crossbar sys- 
tem can be used for all sizes of offices from 
100 numbers up to the largest plants 
which are composed of a plurality of 
offices generally of 10,000 numbers each. 
The description presented here refers in 
particular to an office size about the same 
as the Slottsstaden office recently in- 
stalled in Malm6 City, Sweden. This 
office will have a capacity of over 20,000 
numbers of which 10,000 will be ready 
for service in 1951. The first 5,000 of 
these were cut over in February 1950. A 
view of this office is shown in Figure 1. 


Apparatus Employed 


The crossbar switches and relays em- 
ployed in this new system are the stand- 
ard switches and relays used by the 
Swedish Telephone and Telegraph Ad- 
ministration in their various switching 
systems,’ see Figures 2 and 3. 


Group Selector Unit 
In the direct controlled crossbar sys- 


tem,! each crossbar switch is used to 
carry only one connection at a time. A 
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100 point crossbar switch was used to 
reach one of 100 outputs. The outputs 
were multipled between switches as in the 
step-by-step system. Switches used in 
this manner with access to ten groups of 
ten outputs would require an average of 
220 crosspoints per Erlang (36 unit 
calls) submitted. An average of 350 
crosspoints per Erlang submitted would 
be required if 200 point switches with ten 
groups of 20 outputs were used. A feature 
of the new system is that the crossbar 
switches are used more efficiently in a 
link arrangement. An average of only 85 
crosspoints per Erlang submitted is re- 
quired. In the direct controlled Stand- 
ard 41 System! all verticals of a crossbar 
switch were multipled together to give the 
switch a single input which could be con- 
nected to any of the 100 or 200 outputs. 
In the new common controlled link system 
each vertical unit is used as a separate 10 
point switching device. Units of four 100 
point crossbar switches are arranged in 
selector stages to give ten inputs access to 
ten groups of 20 outputs. Associated 
with each ten inputs is a common con- 
troller which serves to set up connection 
in the stage for one call at a time. As 
many as ten simultaneous connections 
may be successively established in each 
unit. Thus trafficwise one unit acts like 
a shelf of ten 200 point step-by-step 
selectors. 

Figure 4 shows a simplified diagram of 
the crossbar switch connections of a unit 
of ten selectors. This diagram is the same 
for each selector switching stage em- 
ployed in the system. The squares 1 to 4 
represent four crossbar switches, each 
provided with ten verticals which are in- 
dicated by the heavy lines. The cross- 
points on crossbar switches 3 and 4 are 
individually wired and the individual 
crosspoints are indicated by heavy tri- 
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angles. 
horizontally. 
dicated by a fine horizontal line crossing 
the heavy lines. 

Ten junctors, Fl to F10, arrive at cross- 


Switches 1 and 2 are multipled 
Each horizontal level is in- 


bar switches 1 and 2. Each junctor is 
multipled to two crossbar switch ver- 
ticals, one in crossbar switch 1 and one in 
crossbar switch 2. These verticals act to- 
gether as a 20 point switching device. 
Thus switches 1 and 2 act as ten 20 point 
switches, one for each incoming junctor. 

The crosspoints of these 20 point 
selectors are horizontally multipled and 
connected to 20 links, L1-L20. Each link 
is connected to a vertical unit of crossbar 
switches 3 or 4. Each of the crosspoints 
of the verticals on switches 3 and 4 is con- 
nected to a junctor to the next stage. 
Thus each unit of selectors may reach a 
maximum of 200 outputs. These outputs 
are grouped so that the outputs connected 
to a single horizontal level form half of one 
group, the other half group coming from 
the corresponding horizontal level on the 
other switch. An example of an estab- 
lished connection through a group selector 
unit is indicated by heavy lines from 
junctor input Fl over the closed cross- 
point and crossbar switch 2 over link 
L11 and through the operated crosspoint 
switch 4 to outlet 11 in group DO. 

A call coming in over a junctor to a 
selector unit when the other nine junctors 
are idle can be connected to any one of the 
outputs in a group over one of twenty 
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Figure 1 (left). 
General view of 
racks at Slotts- 
staden office in 
Malms, Sweden 


Figure 2 (right). 
Modern swedish 


crossbar switch 


Figure 3 (right). 

Modern swedish 

general purpose 
relay 


links. Each call makes busy one of the 
links, and when a call has been set up 
there are only 19 idle links for the next 
call so that in each of the other groups 
there is one outlet blocked in the selector 
unit. If nine calls are already set up in 
the unit, a tenth call arriving over the re- 
maining idle junctor can reach outlets 
only through one of the 11 idle links. Ina 
selector switching stage provided with 
units of this type lower output usage is ob- 
tained than that ordinarily obtained by 
step-by-step selectors hunting over groups 
of 20 outputs but is higher than that ob- 
tained when step-by-step selectors hunt 
over groups of ten outputs. Figure 5 
shows an illustration of a rack of first 
selectors including their common con- 
troller. 


Trunk Diagram 


The arrangement of the switching 
stages to form the new system is shown 
in outline form in Figure 6. The selecting 
system is made up on a decimal basis, four 
stages being provided for offices having a 
capacity of up to 90,000 numbers. The 
subscriber lines terminate in a combined 
line switch-final selector stage. Line ap- 
pearances on switches in this stage are 
used for both originating and terminating 
calls. 

The system of this size is generally pro- 
vided with senders and the figure shows a 
simple crossbar sender link with its asso- 
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ciated controller. The junctors incoming 
to the first selectors are connected to a re- 
lay unit GVR. These relays serve to 
supervise the originating end of each 
connection and to enable the call to be 
switched to the register during the dialing 
period. Junctors incoming to the last 
selector switching stage are connected to 
another group of relays which provide 
talking battery supply and ring the called 
line and provide busy tone on calls to busy 
lines. Besides the junctors between the 
last selector and the line switch-final 
selector switching stages there are sepa- 
rate operating circuits between the con- 
trollers for these stages. 

The vertical units of the crossbar 
switch use four make contacts at each 
crosspoint except in the last selector units 
and inthe line switch-final selector units 
where four or five contacts per crosspoint 
are used. Each crosspoint is used for 
only one possible connection. 

Twenty junctors are outgoing from 
each line switch-final selector unit to the 
first selectors and 20-junctors are incom- 
ing to the unit from the last selector 
switching stage. The output junctors 
from several line switch-final selector 
units are multipled together to achieve a 
greater concentration of traffic. The 
junctors between each selector stage are 
multipled and distributing frames may be 
provided for grading this multiple. Junc- 
tors between the third selector switching 
stage and the line switch-final selector 
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stage are not graded. Junctors from all 
third selector units serving a certain 
hundreds numerical digit are directly 
connected to the proper line switch-final 
selector unit. 


Brief Description of Circuit 
Operation 


Referring again to Figure 6, the follow- 
ing is a short description of the switching 
operations. When calling, subscriber A 
removes his receiver from the switch- 
hook, his line relay is actuated, and the 
origination of a call is noted by the line re- 
lay unit and in the controller for line 
switch-final selector unit on which his line 
appears. The controller recognizes the 
origination of a call and hunts for an idle 
junctor to a first selector stage which has 
an idle controller. When such a junctor 
has been found a connection is set up in 
the line switch-final selector stage to the 
junctor. Through the controller for the 
first selector a connection is established 
to a sender link. Each first selector con- 
troller has access to two links to a sender 


Figure 4 (left). Simplified dia- 


gram of a selector 


Figure 5 (right). Racks of first 
selectors 


selector. The sender selector controller 
actuates its crossbar switch to hunt for an 
idle sender. Once the sender selector 
controller is connected a signal is sent 
back to the GVR relay unit associated 
with the first selector junctor. This signal 
causes the operation of a holding relay in 
the GVR unit and operates the cut-off 
relay associated with the calling line. 
Thereafter the controllers of the line 
switch-final selector stage and the first 
selector stage are released and the sender 
selector hunts for anidle sender. When an 
idle sender is found the connection isestab- 
lished between the line and the sender and 
the sender selector controller is released. 
The subscriber now can dial the desired 
number. Two connections through a first 
selector controller to senders may be 
established at any one time. Thereafter 
the first selector controller is made to 
look busy so that its junctors will not be 
chosen by the line switch-final selectors 
originating calls. Figure 7 shows a rack 
of senders. 

After sufficient digits are received by 
the sender it prepares to send (pulse) the 


information out to the various controllers 
to set up the call. The controller for the 
first selector stage through which the call 
is passed is called in again and the first 
numerical digit is pulsed to it. The first 
selector controller then tests to find an 
idle junctor associated with an idle con- 
troller to the desired second selector 
group. When such a junctor has been 
found, the connection is established 
through the first selector and the con- 
troller for the second selector is called in. 
The first selector controller is then re- 
leased. 

The second numerical digit is pulsed 
from the sender and received in the con- 
troller for the second selector. The 
second selector controller then hunts over 
the output junctors on its stage for an idle 
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Rack of senders. Covers of one 


sender removed 


Figure 7. 


junctor associated with an idle controller 
to the desired group in the third selector 
stage. When such a junctor is found the 
second selector controller may be released 
after setting up the desired connection. 
The last three digits of the numbers 
are now sent to and registered by the 
third selector controller after which the 
sender and sender selector are released. 
Using the hundreds digit the controller of 
the third selector is connected over oper- 
ating circuits to the controller for the de- 
sired hundreds group line switch-final 
selector. If the desired line switch-final 
selector controller is busy the third 
selector controller waits its turn. When 
the controllers are connected together the 
last two digits of the subscriber’s number, 
that is, the tens and units numerical digits 
are transferred from the third selector 
controller to the line switch-final selector 
controller. The hunting for an idle 
junctor from the third selector unit and 
an idle link within the line switch-final 
selector unit takes place after which the 
two controllers establish the desired con- 
nections and release. Relay group SNR 
supplies talking battery io che connection 
after the controllers are released. Busy 
testing takes place in the SVR relay group 
and the connection to the desired sub- 
scriber’s line is established with ringing 
current being sent out if the subscriber’s 
line is idle. Busy tone is sent out from 
this relay group to the calling line if the 
subscriber’s line is found to be busy. 


Line Switch-Final Selector Unit 


A simplified diagram of the connection 
of the switches in the line switch-final 
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Figure 8. Simplified diagram of a line switch-final selector 


selector unit is shown in Figure 8. The 
units with their controllers are shown in 
Figure 9. The controller has been omit- 
ted in Figure 8 for sake of simplicity. 
Squares 1 to 4 represent four crossbar 
switches each provided with ten vertical 
units, indicated by heavy vertical lines. 
Each of the 100 lines multiples to one 
crosspoint on each of these four switches. 

Squares 5A and 5B to. 8A and 8B also 
represent four crossbar switches. Each 
of these crossbar switches has been 
divided into two parts in order to obtain a 
simplified representation. The cross- 
points of the 40 vertical units on switches 
5 to 8 are horizontally multipled to form 
40 links, Z1 to 140. The verticals on 
these switches are divided into two groups; 
20 output junctors, F1-F20 and 20 input 
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junctors T1-T20. The links are used for 
either originating or terminating calls 
since they multiple before both the in- 
coming and outgoing junctors. 
Connection can be obtained over each 
link L1-L40 to any of ten subscriber 
numbers, and connection can be obtained 
to all 100 subscriber numbers over the ten 
links connected to any one of the crossbar 
switches 1-4 which can be said to form a 
group of- links. There are four such 
groups of links connected respectively to 
crossbar switches 1 to 4 and to parts of 
crossbar switches 5A and 7A, 6A and 8A, 
5B and,7B and 6A and 8B. Each of the 
first two groups of links, Z1-L10 and 
L11-L20, appear before 12 crossbar 
switch verticals, six incoming and six out- 
going. The last two groups of links, 
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L21-L30 and L131-L40, appear before 
eight verticals each, four incoming and 
four outgoing. 

Before a connection is established in the 
line switch-final selector unit, hunting 
takes place for idle links within the unit 
and idle junctors to the first selector or 


from the third selector. This hunting is 
ina fixed order beginning in the first group 
of links, then going to the second, third 
and fourth link groups in order. To 
carry the highest possible traffic load, the 
groups of links chosen first are provided 
with the greater number of outgoing 
junctors and incoming junctors than 
groups of links chosen later. The junctors 
to the first selectors are graded together 
with corresponding junctors from other 
line switch-final selector units so that ten 
line switch-final selector units comprising 
1,000 subscriber numbers are normally 
provided with 50 to 70 junctors to first 
selectors. The 20 incoming junctors from 
the third selector units are directly con- 
nected to the group outputs of all the 
third selector units in the same thousands 
numerical group. 

The subscriber numbers are associated 
with the crosspoints of these crossbar 
switches as indicated in Figure 8 by num- 
bers at the crosspoints (00-99). The lines 
are connected in crossbar switches 1 and 3 
in such a manner that those having the 
same units digit are connected to the 
crosspoint multiple of a certain vertical 
unit. The lines are further connected to 
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Figure 9 (left). 


Racks of line 
switch, final 
selector 


Figure 10 (right). 

Trouble recorder 

for recording out- 

of-order condi- 
tions 


crossbar switches 2 and 4 in such a manner 
that lines having the same tens digit are 
connected to the crosspoint multiple in a 
certain vertical unit. 

The sequence of selection for each call 
takes place in such a manner that a link 
wired to a vertical unit for a units digit is 
selected alternately with a link connected 
to a vertical unit for the tens digit. The 
manner of connection of subscriber lines 
in the line switch-final selector unit thus 
forms a pattern whereby a grading here 
called ‘‘alternate sequence grading”’ is ob- 
tained. The alternate sequence grading 
decreases the chance of blocking calls be- 
cause within certain limits it is probable 
that traffic is distributed by chance to the 
verticals which are successively selected. 
There is a gain in this arrangement, in 
spite of the small amount of material 
used, because, for the permitted con- 
gestion, the traffic density through the line 
switch-final selector unit can be rela- 
tively high, and because that particular 
subscriber lines will hardly be subjected 
to abnormally high congestion with a 
number of by chance unsuitably placed 
high duty subscriber lines. 

Mr. G. Modée has furnished methods 
for calculating the necessary number of 
switching elements needed for handling a 
certain volume of traffic with a given 
number of lost calls in the new link sys- 
tem.‘ He has particularly studied con- 
gestion of traffic in the line switch-final 
selector unit when subscriber lines of 
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heavy traffic are by chance connected to 


such a unit.2 The line switch-final 
selector unit is engineered on the basis of 
a normal load of 6.7 Erlangs (240 unit 
calls) with one call lost for every 
500 handled (P=0.002), but an amount of 
traffic of about 10-12 Erlangs can in fact 
be reached at this loss. 

In Figure 8 heavy lines indicate talk- 
ing paths set up in the line switch-final 
selector unit, one for incoming and one for 
an outgoing call. The outgoing call 
originates at subscriber A over a vertical 
unit crossbar switch 1 through link L/0 
and over an operated crosspoint in cross- 
bar switch 5A to junctor F1. The in- 
coming call is shown arriving over junctor 
T1 through a crosspoint on crossbar 
switch 7 and over link L/0 through cross- 
bar switch 1 to subscriber B. 

When a line such as A originates a call 
its line relay in the LR unit is operated. 
If the controller associated with this line 
switch-final selector unit is idle, the 
line’s tens and units digit, 0 and 9, are in- 
dicated by the line relay circuits. From 
these circuits the proper select bars on 
each of the crossbar switches 1 to 4 and 
5A to 8B are operated and the four links 
L110, L11, L30, and L31 which can be used 
to connect the subscriber’s line to a 
junctor are tested. The operation of a re- 
lay for each group with idle links con- 
nects the test wires for the outgoing junc- 
tors to the controller which starts the 
testing operation. When an idle junctor, 
is found, for example /'/, the connection is 
set up by the operation of the magnet 
connected with junctor F/ and thereafter 
the magnet connected with link L/0 on 
switch 1 operates. A call start signal is 
then transmitted to the controller of the 
first selector associated with this junctor 
and thereafter this controller is dismissed 
when the cut-off relay of the subscriber’s 
line circuit is operated. 

Testing of idle links suitable for in- 
coming calls takes place in substantially 
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the same manner as for outgoing calls. 
A call from the third selector is preceded 
by testing to determine if the controller 
for the desired line switch-final selector 
unit is idle. Only one third selector unit 
may obtain access to the line switch-final 
selector unit at a time. Precedence is 
obtained by means of a lockout circuit. 

After the line switch-final selector con- 
troller is seized, the tens and units digits 
are transmitted from the third group of 
selector controller unit. The tens and 
units numerical digits of the called sub- 
scriber are used in the line switch-final 
selector unit to operate the proper select 
magnets of the switches. Four links, for 
example L1, L20, L21, and 140, are the 
only ones which can be used to establish a 
connection to line B. The links are tested 
successively as before and if in this case 
L1 tests idle, idle indications are sent to 
the third selector controller for those of 
junctors T1 to T6 that are idle. When 
an idle junctor has been found by the 
third selector controller the connection is 
established in the third selector and the 
line switch-final selector unit proceeds to 
set up the call from this junctor to the 
called line. The hold magnets associated 
with junctor T/ and link L1 are operated 
and the connection is established from the 
SNR relay circuit to the desired sub- 
scriber B. The controllers are released 
after the connection has been set up. 
Busy test is made by the SVR relay cir- 
cuit which remains as a part of the es- 
tablished connection. 


Group Selector Controller 


The controllers of the different selector 
switching stages shown in Figure 6 are not 
entirely alike, but all controllers contain a 
crossbar switch connecting the incoming 
junctors to the respective controllers and 
progressively hunting for idle output 
junctors and relays for receiving numeri- 
cal pulses. The controller for the line 
switch-final selector stage does not con- 
tain a crossbar switch, since it is com- 
prised of nothing but relays. 

Switching operations are uf the simplest 
kind in the second selector unit. A 
junctor from the first selector unit is thus 
connected to a pulse receiving relay unit 
in the second selector controller over a 
vertical of the crossbar switch in the con- 
troller, Relays are provided in the con- 
troller for receiving numerical pulses over 


the tip and ring wires and a third wire of 
the junctor from the sender through the 
previously set stages. When the numeri- 
cal pulses have been received, hunting is 
started for an idle link which has access 
to an idle junctor to the next stage in the 
desired group. When an idle junctor has 
been found the connection is established 
and the controller in the next stage is 
calledin. When the controller in the next 
stage is connected a signal is sent back 
over the junctor to the controller in the 
second selector stage. As soon as this 
signal has been received the second 
selector controller is released. As long as 
the second selector controller is busy the 
other idle junctors to this unit cannot be 
called since they are artificially made 
busy. 

The controllers of the other switching 
stages perform other functions in addition 
to the principal one just described. The 
controller for the first selector has access 
to two different sender selectors. Two 
calls can be simultaneously connected 
through the controller to senders. When 
the sender is ready to set up a connection 
the pulse receiving relays in the first 
selector controller are connected to the 
path from the sender -during the time 
needed for operation of the first selectors. 

As mentioned earlier the controller for 
the third selector receives three numerical 
digits. The tens and units digits are 
passed over twenty wires directly to the 
select magnets of the final selectors over a 
hundred group connector in the third 
selector controller. This connector is 
operated in accordance with the hundreds 
numerical digit to pick the required line 
switch-final selector unit. 


Pulse Methods, Supervision, and 
Trouble Recording 


Two types of controllers have been de- 
signed for the selector units, one receiving 
dial pulse and another for code pulsing. 
(Code pulsing is much like the panel call 
indicator pulsing used in the panel and 
crossbar systems in the United States.) 
The new common control link system can, 
therefore, without the addition of senders, 
interconnect with other systems where the 
selections may be made by dial pulses. 
Within larger offices of this system with 
senders code pulsing is used whereby 
connections are set up more rapidly. 
Small rural offices employ controllers 


which receive dial pulse directly and 
therefore need no senders. In such sys- 
tems the selector controllers are still com- 
mon to ten input junctors. 

In order to reduce maintenance effort 
and maintenance cost many self-checking 
and trouble detecting features are in- 
cluded in the controllers. Thus, before a 
controller is released, it assures itself’that — 
the controller in the succeeding switch-— 
ing stage has received the call correctly. — 
If trouble does occur the first controller — 
engages a trouble recorder, and a record is 
made. The trouble recorder will auto- 
matically record a succession of troubles 
ona paper tape. Figure 10 is an illustra- _ 
tion of the trouble recorder. It is ex- 
pected that the cost of maintenance of the — 
new common control system will be sub- 
stantially less than that for the previous 
direct control system because the new | 
system has very simple circuits, very few 
marginal adjusting requirements of re- 
lays, and the ease of locating trouble due 
to the availability of the previously men- 
tioned trouble recorder. 

Although economically suitable for 
large size offices, this new system is par- 
ticularly well adapted for plants which 
need decentralization of offices because, 
according to experiences in Sweden, cross- 
bar offices can be left unattended for long 
periods without any inconvenience.®’ 
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A Heavy Duty Slip Regulator 
For Steel Mill Service 


W. SCHAELCHLIN 


MEMBER AIEE 


LIP REGULATORS have been used 

as early as 1913 in connection with 

steel mill applications. They have been 

successfully applied for blooming mills 

where the heavy impact load peaks of the 

mill motors would result in excessive 
power surges. 

Figure 1 illustrates a typical installa- 
tion of this type consisting of a motor- 
generator set driven by a wound rotor 
induction motor. The secondary of this 
motor is connected to a slip regulator 
which automatically increases its resist- 
ance in case of heavy load peaks, thereby 
permitting the motor-generator set to 
slow down and give up part of its stored 
kinetic energy. In this manner it is 
possible to supply high momentary load 
peaks to the mill motor with a practically 
constant power demand from the a-c 


supply. 
Old Design of Slip Regulator 


The slip regulator that has been suc- 
cessfully used for many years is illus- 
trated in Figure 2. It consists of a rela- 
tively large steel tank which contains the 
electrolyte, the cooling coils which are 
arranged around the tank wall to transfer 
the heat from the electrolyte to the cooling 
water, and three cylindrical insulating 
tiles. Each tile surrounds a pair of elec- 
trodes, one movable and one stationary, 
forming an adjustable 3-phase secondary 
resistor. 
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The moving partially 


balanced by means of a suitable counter- 


system is 


weight and is operated from a direct con- 
nected torque motor which in turn re- 
ceives its energy from a current trans- 
former measuring motor input, If the 
motor load exceeds a certain value, the 
torque motor develops sufficient excess 
torque to separate the electrodes and 
thereby introduce secondary resistance. 


Figure 1. General arrange- 
ment of a blooming mill with 
slip regulator for a-c motor 
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WOUND ROTOR 


New Type of Slip Regulator 


In developing a new design slip reg» 
ulator for steel mill service, emphasis 
was laid on the following features; 


1, More compact design and reduction of 
weight, 
2. Higher electrode efficiency, 
3. Higher efficiency and more flexibility af 
the cooling system, 

Improved operation and simplification 
of the regulating system, 
5, Better accessibility and lower mainte 
nance, 


With these considerations in mind, a 
design of slip regulator illustrated in 
Figure 8 was established, This wnit is 
completely self-contained and includes 
the heat exchanger to form a completely 
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The dimen- 
sions and weights of the various ratings up 


closed circulating system. 


to 10,000 horsepower are shown in Table 
i 

The outstanding new features of this 
new design are as follows: 
1. Three separate cell assemblies insulated 
from each other, 


2. Forced electrolyte circulation instead of 
natural convection. 


3. A modern heat exchanger for maximum 
cooling efficiency. 


4. A simple operating 
regulating system, 


mechanism antl 


Electrolyte Circulating and Cooling 
System 


Reference to Figure 4 illustrates the 
forced circulation of the electrolyte. 
Starting at the sump tank, the pump 
forces the electrolyte through the heat 
exchanger into the header at the top of the 
regulator and from there down the stand 
pipe to a pressure chamber below the 
stationary electrode. Suitable holes are 
provided in this electrode through which 
the electrolyte can flow upwards in the 
cell’ toward the moving electrode while 
carrying the motor current. Subse- 
quently, it passes through corresponding 


Table 1. Tabulation Showing Dimensions 
and Weight of New Slip Regulator 


Rating, Dimensions Inches, Weight, 
Size Horsepower Length Width Height, Pounds 


i 0-2,000 ...118....88....105.... 5,000 
2,.2,001-4,000 ...182,.,..41....110.... 6,000 
8..4,001-6,500 ...147....45....115.... 8,000 
4..6,501-10,000...162....50....125....10,000 


Figure 2 (left). 
Old type slip 
regulator for a 
6,000 - horse- 
power blooming 
mill. Outline 
dimensions: 211- 
inchlong X 134- 
inch wide X 
192-inch high. 
Weight 23,000 
pounds net 


Figure 3 (right). 

New type heavy- 

duty slip regu- 
lator 


openings in the moving electrode and 
then rises to the top of the cell where it 
overflows and returns to the sump tank. 
This method of circulation insures a 
positive removal of the heat between the 
electrodes and thereby will permit a 
greater current density and a_ higher 
regulator load as compared to a system 
depending on natural convection. 


Heat Exchanger 


The heat exchanger used for transfer- 
ring the heat from the electrolyte into the 
cooling water is shown in Figure 5. Itis of 
standard design and contains a bundle of 
tubes carrying the cooling water. Special 
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Figure 4, 


stainless steel is used for these tubes to 
give maximum resistance to mechanical 
wear as well as corrosion due to impurities 


The tube bundle 
can readily be removed for inspection by 
unbolting one end plate as shown. 


in the cooling water. 


Cell Arrangement 


The insulating cells are made of heavy 
asbestos cement, vacuum dried and im- 
pregnated with tung oil under heavy 
pressure. This insures a high grade in- 
sulation with no danger whatsoever of 


electrical breakdown so that the slip reg- 
ulator can be safely applied to large 
motors with high secondary voltages. 


COOLING WATER 
©} ‘mer 
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Schematic view of electrolyte circulating system 
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An additional feature of interest con- 
sists in the method of clamping the elec- 
trode to the bottom of the cell and fasten- 


ing the cell to the top structure. Ref- 
erence to Figure 6 shows that this is ac- 
complished by laying a split ring into a 
circular groove in the cell and then clamp- 
ing the electrode to a pressure ring pro- 
vided with a 45-degree pressure surface. 
Experience has shown that this type of 
mounting for the electrode is very re- 
liable and insures a tight seal without 
causing excessive stresses in the cell ma- 
terial. 


Operating Mechanism 


Reference to Figure 3 shows that the 
operating mechanism consists of a pilot 
motor driving the electrode shaft through 
a self-contained and grease lubricated 
worm gear. A counter-weight is pro- 
vided to balance the moving system so 
that approximately equal motor torque is 
required in the raise and lowering direc- 
tions. 

Attached to the drive shaft is also 
a cam type limit switch for stopping the 
pilot motor at each end of the travel and 
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Figure 5 (left). 
Heat exchanger 
showing assem- 
bly of stainless 


SLIP 
steel tubes 
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Figure 7 (right). 
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gram of regu- AUX. POWER 
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for other miscellaneous purposes such as 
pilot lights, or interlocks, and so forth. 

The simplicity of the electrical system 
is illustrated in Figure 7. It shows that 
the pilot motor is energized from a Roto- 
trol, the output of which is proportional 
to the difference between a fixed ref- 
erence field and a regulating field measur- 
ing motor current. A self-energizing field 
of the shunt type also is included to insure 
the necessary over-all amplification of the 
system. 

At normal load, the reference and reg- 


Figure 6 (left). Sketch show- 

ing method of clamping sta- 

tionary electrode to insulated 
cell 


@ OF CELL 


' Figure 8 (right). Curve show- 
| ing speed of electrodes asa 
function of a-c_ motor load 
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ulating fields are balanced and the Roto- 


trol output therefore is zero. If, on the 
other hand, the motor load exceeds this 
value, the regulating field excitation pre- 
dominates and the Rototrol will supply 
power to the pilot motor so as to increase 
the electrode distance, thereby reducing 
the a-c motor load. The opposite takes 
place of course, after the power peak has 
disappeared. The reference field ampere 
turns now are higher and produce a roto- 
trol voltage that will bring the electrodes 
together until the limit switch stops the 
travel when the electrodes have reached 
minimum distance. 

It will be noted that each limit switch is 
provided with a suitable rectifier to ob- 
tain directional selectivity of operation. 
This is necessary for systems that have a 
closed loop circuit without including di- 
rectional contactors. A curve illustrating 
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the rototrol output as a function of a-c 
motor current is illustrated in Figure 8. 


Characteristics of Electrolyte 


Sodium carbonate (Naz,COs;), dissolved 
in clean water has been found to be best 
suited for slip regulators. It is normally 
used in concentrations varying between 
0.5 and 5 per cent. The possibility of 
varying its density makes the application 
of slip regulators very flexible because it 
provides a means of readily changing 
their resistance to suit certain operating 
conditions and motor characteristics. A 
chart showing the relation between elec- 
trolyte density and resistance per cubic 
inch is shown in Figure 9. 

These curves also indicate that the 
temperature affects the resistance to a 
considerable extent. It decreases with 
increasing temperature which, as is well 
known, is due to the increased ionization 
of the electrolyte. At 100 degrees centi- 
grade steam bubbles are generated which 
tend to increase the resistance due to a 
reduction in cross section and which will 
also cause erratic operation of the slip 
regulator. 

It is the usual practice to keep the 
electrolyte temperature below 70 de- 
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Figure 9 (left). i 
Curves showing re- 
sistance of electro- 
lyte as a function of 
density andtempera- 
ture 
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Figure 11 (right). 2 
Test data obtained & Bx wavous 
with size 3 slip regu- colsertins 
lator showing resist- 
ance per cell for 
various current rat- 
ings INCHES ELECTRODE SEPARATION 
grees centigrade in order to avoid the centrations. It has been found that with 


formation of steam vapor. 


Current Density of Electrolyte 


The permissible current density of 
electrolyte and electrodes has been the 
subject of considerable discussion. How- 
ever, it can be stated that it is primarily a 
function of heating, that is, the loss gen- 
erated per cubic inch electrolyte and the 
rate at which the heat is carried away. 

Thus, it readily can be seen that a good 
electrolyte circulating system is very 
desirable to avoid hot pockets or local 
steaming which is apt to occur at the 
electrodes because of higher current con- 


the forced circulating system the current 
density can be raised up to 15 amperes per 
square inch without distress of any kind. 
To insure sufficient margin, however, it is 
recommended to operate the regulator be- 
tween 6 and 10 amperes per square inch 
electrode surface. 

Figures 10 and 11 show some interesting 
test results obtained with a slip regulator 
having an inside cell diameter of 20 inches 
and an active electrode surface of 250 
square inches. These tests were made 
with a fixed electrolyte circulation of 30 
gallons per minute per cell and show the 
relation between resistance and electrode 
travel for various current ratings and 
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electrolyte densities. In all cases, the 
temperature of the incoming electrolyte 
was 27 degrees centigrade. It is to be 
noted that basically the electrolyte re- 
sistance is independent of current. The 
fact, however, that these test results show 
a decreasing resistance with increasing 
current is caused by the higher losses re- 
sulting in increased temperature of the 
electrolyte. 

It was interesting to note that regard- 
less of current and electrolyte density, 
boiling of the electrolyte started when the 
loss per cell reached about 400 kw. Of 
additional interest is also the fact that for 
zero electrode distance (electrodes not 
touching) the resistance does not de- 
crease below a certain minimum value. 
This effect appears to be the result of a 
contact resistance which is independent 
of current and is proportional to the elec- 
trolyte resistance. 


Operation 


A typical operating cycle of a 6,000 
horsepower blooming mill is illustrated in 
Figure 12. It shows the performance of 
the drive with the slip regulator adjusted 
to have zero rototrol output at 100 per 
cent load. Note that without the reg- 
ulator the power peaks are as high as 130 
per cent, while with the slip regulator in 
operation the surges are reduced to a neg- 
ligible value. Of additional interest are 
the speed changes of the motor generator 
indicating a minimum speed of approxi- 
mately 90 per cent corresponding to a 
maximum electrode travel of 31/2 inches. 


Maintenance 


In designing the new type of slip reg- 
ulator, special attention was given to 
ease of maintenance and the accessibility 
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of the various parts. All bearings are of 
the sealed ball bearing type so that no 
lubrication is needed. Moreover, there 
are no contactors or relays required to 
operate the pilot motor. 

Long life of the electrodes is assured by 
the special alloy used for their surface. 
Moreover, both stationary and moving 
electrodes are readily accessible for in- 
spection because it is a relatively simple 
matter to drain the respective cells by 
means of the valve provided for this pur- 
pose at the lower end. 

The electrolyte pump, which is 
mounted submersed in the sump tank so 
as to avoid trouble due to leaking glands, 
is equipped with a stainless steel shaft and 
has its thrust bearing located above the 
sump tank for ready inspection. Both the 
pump as well as the pump motor are in- 
dividual unit assemblies to insure ease of 
handling. 
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A Polyphase Thermal Kilovolt-Ampere 
Demand Meter 


A. J. PETZINGER 


MEMBER AIEE Y, 


Synopsis: In the past decade, the use of 
thermal meters has increased rapidly for the 
measurement of demand. The measure- 
ment of kilovolt-ampere demand by thermal 
means has been an objective of the metering 
industry for years, A few years ago, a poly- 
phase thermal-ampere demand meter was 
developed, Using such a meter as a basis, 
voltage compensation has been added. The 
result is a combination polyphase watthour 
and thermal kilovolt-ampere demand meter 
as described in this paper. 


HE COST of supplying electric 

service to a consumer is dependent on 
many factors. One of the major items of 
this cost is the relatively high investment 
which the utility must make. Generally, 
the cost of producing the energy con- 
sumed is less than the investment cost in- 
volved in making the service available. 

The manner in which the consumer 
uses a given amount of energy also has a 
great effect on the investment required. 
A constant load requires relatively little 
investment in generation, transmission, 
and distribution facilities compared to an 
installation which draws large amounts of 
power at infrequent intervals, 

These conditions have given rise to 
numerous rate schedules! which en- 
deavor to distribute the utility’s cost 
equitably among its consumers. For 
many classes of service, the rate involves 
the measurement of energy and demand. 
Demand measurement may take the form 
of kilowatt demand, kilovolt-ampere de- 
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mand, kilovar demand, or a combination 
of these, depending on the rate schedule. 

In recent years, the emphasis in de- 
mand metering has been on reduction of 
maintenance. The use of thermal demand 
meters”* has been of great value in at- 
taining this objective. Reduction in 
maintenance has resulted in two principal 
benefits: 


1. Reduction in the total cost of demand 
metering. 


2. The extension of demand metering to 
loads on which such metering could not 
previously be justified on an economic basis. 


Summary of Practical Methods of 
Measuring Kilovolt-Ampere 
Demand 


As mentioned above, one form of de- 
mand rate which is commonly used is 
kilovolt-ampere demand, Many prin- 
ciples have been used to measure kiloyolt- 
ampere demand with more or less ac- 
curacy and each has had its peculiar 
merits and drawbacks, Relatively few 
are in widespread use at the present time. 

Most frequently used is probably the 
meter with kilowatt and kilovar elements 
and a ball mechanism which adds the two 
components vectorially. These meters 
can be used with demand registers or re- 
corders to read true kilovolt-ampere de- 
mand, While the measurement is ac- 
curate for all variations encountered in 
service, the initial cost and maintenance 
expense are relatively high. This has 
limited the application of these meters to 
larger loads. 

Another fundamental method com- 
monly used is the use of phase-shifting 
transformers in conjunction with a stand- 
ard watthour meter and demand register 
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ve 


or with a thermal meter. Ideally, the 
potential applied to the meter is shifted 
by the same angle as the load current la 
the voltage at maximum demand. In 
practice, several selected angles of shift 
are provided, and one of these is chosen ~ 
and assumed to be reasonably close to the — 
actual power factor angle. As long as — 
these conditions hold, the results are . ‘ 
reasonably good. 

Thermal ampere demand meters are — 
also used for kilovolt-ampere demand — 
measurement by assuming a constant — 
voltage. The accuracy is therefore pro- 
portional to the constancy of the voltage. 
Recently, a singlephase meter was de- 
veloped with compensation for voltage 
variation. 


Review of Polyphase Thermal 
Ammeter Principles 
q 


Previous to 1946, thermal-ampere de- 
mand meters were confined to single- — 
phase circuits. A thermal-ampere de- 


Meter with cover on 


Figure 1. 
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Figure 2. Meter with cover off 


mand meter was then introduced which 
extended the thermal-ampere demand 
meter to polyphase circuits as well.5%7 
The meter described in this paper, shown 
in Figures 1 and 2, is a modification of the 
polyphase thermal ampere demand meter. 
A brief review of the principles and cir- 
cuits of the polyphase thermal ampere de- 
mand meter will be helpful in obtaining a 
complete understanding of the new de- 
vice. 

In symmetrical component terminol- 
ogy,® all the current circuits are essen- 
tially positive-sequence networks, though 
this term is not ordinarily applied to un- 
symmetrical systems such as the 3-wire 
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network or 3-phase 4-wire delta circuit. 

The object is to produce a single cur- 
rent, the magnitude of which represents 
the kilovolt-ampere load of the circuit. 
To do this, it is necessary to: 


1. Employ a method of properly shifting 
the phase of voltages derived from the indi- 
vidual currents (voltages proportional in 
magnitude to the magnitude of the cur- 
rents). 


2. Obtain their vector sum. 


3. Apply this sum to a demand device. 


No combination of the algebraic sums 
or differences of the currents will accom- 
plish this. Figure 3 shows the basic cir- 
cuit for 3-phase 3-wire services. Current 
transformers, a mutual reactance and a 
resistance are the circuit elements which 
develop the required voltage across the 
current element heaters. Similar circuits 
are used for 3-wire network, 3-phase, 4- 
wire delta and 3-phase 4-wire Y services. 
Figure 4 shows a typical wiring diagram 
for a complete meter. 


Voltage Compensation 


The kilovolt-ampere demand unit, 
Figure 5, is comprised of two distinct ele- 
ments—current and voltage. Separate 
thermal elements respond to current and 
voltage changes in the circuit. The cur- 
rent element consists of two opposing 
bimetallic springs enclosed in separate 
chambers of a molded insulating box. 
The rear spring is heated by two heaters, 
one on each side, connected in series 
across the voltage e of Figure 3. The 
front bimetallic spring serves only for 
ambient temperature compensation. 


Figure 4 (left). 
Wiring diagram, 
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Figure 3. Schematic and vector diagram 


In order to minimize the heat gen- 
erated in the meter, the voltage demand 
unit, Figure 4, uses a directly heated bi- 
metallic spring. A small transformer has 
its primary connected across one of the 
phases and its secondary connected 
directly to one of the bimetallic springs on 
the shaft assembly. An arm on this shaft 
is coupled to an arm on the current ele- 
ment shaft by a movable link. A phan- 
tom view of the mechanism is shown in 
Figure 6. 

The current and voltage thermal units 
are arranged in an inverted V and the in- 
dicating pointer is geared to the current 
element shaft by 1-to-1 gearing. Ac- 
tually, the current element shaft could 
serve as the pointer shaft, but space con- 
siderations in this meter make the ar- 
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Figure 6. Phantom 
linkage 


rangement described more desirable. 
The meter is basically a polyphase-ampere 
demand meter whose reading is modified 
by voltage changes, acting through the 
voltage element, to give kilovolt am- 
perage. 

The meter takes into account individual 
magnitude and phase variations of the 
currents, but assumes that the voltages 
are balanced, as it measures the voltage 
variations of only one of the phases. 
Balanced voltage is an assumption com- 
mon to 3-wire single-phase watthour 
meters, 2-element 4-wire watthour 
meters, and all polyphase kilovar meter- 
ing. Unbalance in voltage could also be 
taken into account by a positive sequence 
filter in the potential circuit. However, 
polyphase systems are usually rather well 
balanced in voltage and the errors of the 
meter described are smaller than those of 
the common form of phase-shifting trans- 
formers used for kilovar metering,’ In- 
creases in size and cost, which further re- 
finement would require, are not justified 
at present. 


Design of Compensating Linkage 


The mechanism is so arranged that 
when there is no load on the meter the 
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Figure 7. Effect of temperature variation 
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link and the arm on the current element 
shaft are in line. Therefore, under these 
conditions voltage variations do not 
cause any motion of the pointer. As de- 
flection of the current element increases, 
however, the influence of the voltage ele- 
ment increases proportionally due to the 
angular relation. The two thermal units 
and the linkage mechanism are designed 
to give a correct indication of kilovolt 
amperage over a wide variation of voltage 
and currents. Since the two elements are 
electrically independent, they are ob- 
viously not affected by changes in power 
factor. 

Figure 5 shows a schematic diagram of 
the linkages between the voltage and 
current units. When the linkage is ad- 
justed as described previously, the voltage 
element is exercising a slight restraint on 
the current element over the operating 
range. ; 

The voltage compensation action is 
very similar to that of the common type 
of full-scale adjuster used on most thermal 
meters. At zero current, changes in 
voltage have no effect on the reading, as 
the link is under slight tension and is in 
line with the current arm. As the current 
increases, the position of the current arm 
makes the voltage element increasingly 
effective in its influence on the pointer de- 
flection. 

The object is to have the pointer de- 
flection change the same amount for a 
given percentage change in voltage as for 
the same percentage change in current 
and to accomplish this with the greatest 
possible efficiency. 

A number of factors are involved in 
attaining this goal: 


1. Torque, temperature, and deflection 
characteristics of the two sets of bimetal 
springs. 


2. Distance between shaft centers. 


3. Length of arms on voltage and current 
shafts. 


4. Length of link between voltage and 
current shaft arms. 


Complete mathematical analysis is im- 
practical and development was mainly on 
an empirical basis. A few general ob- 
servations, however, can be made regard- 
ing relative values which have provided 
good accuracy over a reasonably wide 
range. 

The voltage element is deflected 
through a relatively small angle as cur- 
rent is varied from zero to full-scale. As 
the current element moves from zero to 
full-scale, power must be provided not 
only for this deflection, but also to deflect 
the voltage element from its zero position 
to its full-scale. position. A small deflec- 
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Figure 8. Time response curve 


tion of the voltage element over this range 
therefore minimizes the power required 
in the current circuit. 

The angle between the link and the 
voltage element arm remains relatively 
close to 90 degrees at all times. This as- 
sures effective utilization of the torque of 
the voltage element as the voltage 
changes. 

The angle between the link and the 
current element arm is close to 90 degrees 
at full scale. This assures maximum 
effect of the voltage element on the cur- 
rent element at full scale as the voltage 
changes. 


Design of Temperature 
Compensation 


The design of the current element is 
practically the same as that of the am- 
pere-demand meters referred to above,° 
and the current element is therefore sub- 
stantially independent of ambient tem- 
perature variations. The voltage ele- 
ment has a response which decreases with 
increasing temperature if the two bi- 
metallic springs are identical. This is 
caused primarily by three factors: 


1. Positive temperature coefficient of re- 
sistance results in decreased power input ina 
circuit where power = E2/R. 
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2. The temperature-deflection curve of the 
bimetal is not completely linear. 


8. At higher temperatures the radiation of 
heat from the insulating chamber of the 
hotter of the two springs increases more 
than that of the compensating spring. 


Accuracy over the operating range is 
attained by the use of unequal width bi- 
metallic\springs for the potential element, 
the heated spring having greater torque 
than the compensating spring. This, of 
course, would make the device inaccurate 
for ambient temperature variations at 
zero and very low voltages, but these are 
not operating conditions, and are there- 
fore of no consequence. 

The compensation of both the current 
and voltage elements for ambient tem- 
perature variation results in performance 
of the complete meter as shown in Figure 
te . 


Calibration and Adjustment 


As in all commercial measuring devices, 
means must be provided to adjust the 
meter for various conditions. Since the 
watthour meter and thermal meter are 
independent, they may be calibrated in 
whatever order is more convenient. The 
watthour meter adjustments are the same 
as those of the corresponding watthour 
meters. 

The adjustments of the thermal meter 
consist of: 


Phase-balance adjustment. 
Adjustment of the linkage. 
Zero adjustment. 
Full-scale adjustment. 


Go ea 


Phase balance is adjusted by moving a 
sliding keeper above the air gap in the 
mutualinductance. This assures that the 
meter will read correctly on any single- 
phase load or combination of singlephase 
and polyphase loads. It is most easily 
checked by vacuum-tube voltmeter read- 
ings taken across the heater element with 
the same current applied to successive 
phases. 

At about 10 per cent above rated volt- 
age and with zero current, the following 
conditions should be true: 


1. The pointer should be on zero. 


2. The link should be directly in line with 
the current element arm. 


38. The voltage arm should be exercising 
practically no force on the link. 


The arms on both the current and 
voltage element shafts are locked in posi- 
tion by screws which can be loosened to 
obtain these conditions. 

Zero is adjusted by a vernier screw 
which moves a helical spring to change 
tension on the tail of’ the indicating 
pusher pointer. It is so positioned that 
the spring has no effect at full-scale. 

Full-scale is adjusted on a balanced 
polyphase load in the same manner as 
zero, except that the pointer is not af- 
fected at zero. 


Meter Construction 


The meter includes a standard poly- 
phase kilowatthour meter in addition to 
the kilovolt-ampere demand unit de- 
scribed previously, The thermal unit and 
the watthour meter unit are independent. 
This is one of the advantages of using 
thermal means to measure demand. 
Ordinarily, kilowatt hours must be meas- 
ured to satisfy the rate requirements. 
Relatively seldom is it necessary to meas- 
ure kilovolt-ampere hours or kilovar 
hours. The elimination of this unneces- 
sary information permits the two desired 
quantities to be measured by a single de- 
vice which occupies a minimum of space. 
All the meters described are mounted in 
the same base as a standard 3-element 
watthour meter and use standard con- 
nections. 


Performance 


Like all thermal demand meters, this 
meter is defined as a class 3 lagged-de- 
mand meter in accordance with the Code 
for Electricity Meters.? The demand in- 
terval is considered to be the time re- 
quired for the meter to indicate 90 per 
cent of the full value of a constant load 
suddenly applied. A curve of time re- 
sponse is shown in Figure 8. 

The meter has a squared scale since the 
power generated in the current element 
heaters is proportional to the square of 


the current and likewise, the power gen- 
erated in the voltage element is propor- 
tional to the square of the voltage. 

The accuracy at different scale points 
for various ambient temperatures is 
shown in Figure 7. The errors at all 
points, from —10 degrees centigrade to 
60 degrees centigrade are less than one 
per cent of full-scale. Figure 9 shows the 
accuracy for given kilovolt-ampere values 
at various applied voltages. Over the 
operating range of 210 to 250 volts, errors 
are seen to be less than 2 per cent of full- 
scale value. It will be noted that ac- 
curacy at low voltages has been empha- 
sized in the design, since this condition is 
more likely than extremely high voltages, 
particularly at the time when maximum 
demand is established. 


Conclusion 


The development of a polyphase com- 
bination thermal kilovolt-ampere demand 
and watthour meter completes the line of 
thermal meters so that they can be used 
for all types of demand metering. The 
range of loads on which kilovolt-ampere 
demand can be metered economically, 
both as to initial cost and maintenance, 
has been extended greatly thereby. 
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Discussion 


G. B. Schleicher (Philadelphia Electric 
Company, Philadelphia, Pa.); The meter 
described by Mr. Petzinger provides a de- 
sirable simplification in measuring kilowatt- 
hours and kilovolt-ampere demand with 
commercial accuracy. The description in 
the paper is confined to the indicating form 
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of demand meter. Fundamentally, it ap- 
pears that the same mechanism could be 
adapted also to a graphic chart instrument 
if sufficient torque is available. Thus it 
would be possible to use this relatively 
simple meter in place of the more compli- 
cated. kilovolt-ampere demand meters that 
measure also quantities that frequently are 
not needed. 

The question is raised, therefore, whether 
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it is contemplated to produce an instrument 
along the lines of that described, but in the 
graphic demand form. 


G. D. Stobbart (Missouri Power and Light 
Company, Jefferson City, Mo.): The com- 
bination kilowatt-hour and thermal kilo- 
volt-ampere demand meter as described in 
Mr. Petzinger’s paper should fill the existing 
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need for a relatively low-cost meter to accu- 
rately measure energy and kilovolt-ampere 
demand of polyphase loads. 

Based upon catalog information, this new 
meter has a favorable initial cost when 
compared to present types of meters. Main- 
tenance costs for the new meter should also 
be favorable in comparison to presently 
available meters, as the new meter has a 
minimum of complex mechanisms that are 
a part of present meters. 

The new meter being compact and con- 
tained in one case also presents installation 
advantages. The amount of accessory 
equipment, such as test switches, wiring 
and size of meter enclosures may be reduced 
with a saving in material costs and installa- 
tion labor. The new meter, because of its 
size and standard connections, could ordi- 
narily be placed in existing installations with 
little or no change in the physical make-up 
of the installation. 

The demand unit of the new meter is of 
the indicating type with an additional 
pointer to indicate maximum demand and 
this type of indication is satisfactory for a 
majority of polyphase loads. However, 
there are some installations where a chart 
record of a customer’s demand is helpful, 
particularly for load analyses. It is realized 
that the addition of mechanisms for chart 
drive and recording would increase the cost 
and size of the meter, but the thought is 
advanced for consideration by meter de- 
signers. 


Perry A. Borden (The Bristol Company, 
Waterbury, Conn.): In designating the 
instrument a “thermal kilovolt-ampere de- 
mand meter, the title of Mr. Petzinger’s 
paper agrees with the nameplate as shown 
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in the illustrations; but nothing in the de- 
scription would justify the liberty which has 
thus been taken with the definition. The 
device appears to embody little more than 
an improvement, in the form of a voltage 
compensation, over that described in the 
same author’s A.I.E.E. paper of 1947.1 
While the earlier instrument is referred to as 
a “polyphase thermal ampere demand indi- 
cator,”’ the author would seem to imply that 
compensation effected in the manner shown 
qualifies the present device as responsive to 
volt-amperes, rather than amperes. This is 
most misleading; and, whatever the merits 
of the instrument, it should be presented for 
what it really is and not for what the author 
would like it to be. Though the Institute 
is hardly in a position to dictate how the 
manufacturer shall mark the nameplate of 
his instrument, and though the reviewers 
have passed the paper for publication, I 
would urge that in the interest of correct 
terminology the author be asked to alter its 
title to be more correctly descriptive of 
the apparatus to which it is directed. 

Considering the difficulties which have 
been encountered in incorporating such rela- 
tively simple concepts as demand and power- 
factor in commercial rates, it would be inter- 
esting to learn the reaction of the non- 
technical commercial customer to a contract 
involving the intangible magnitude which 
this instrument purports to measure. 


RPFERENCH 


1, See reference 7 of the paper, 


A. J. Petzinger: Mr. Schleicher and Mr. 
Stobbart have indicated the desirability of 
developing a combination kilowatthour and 
graphic thermal kilovolt-ampere demand 
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meter, Such a development would ‘be on 
tirely practical from a technieal viewpoint 
since adequate torque is available. How- 
ever, it should be kept in mind that a graphie 
thermal meter would reintroduce a number 
of factors such as pen, ink, paper chart and 
motor, which are partly responsible for 
relatively high maintenance costs of present — 
recording kilovolt-ampere demand meters, 

If in the future there are indications that — 
there is a considerable market for dich a 
device its development would naturally 
follow, 

Mr. Borden has eriticized the designation 
of the meter as a kilovolt-ampere demand 
meter, Since the meter indicates kilovolt- 
ampere demand with good accuracy over 
the commercial range of all variables, it 
would seem obvious that it should be called — 
a kilovolt-ampere demand meter, It is in- 
dependent of load balance, It does assume 
voltage balance—-an assumption which is — 
common to single phase 8-wire meters; — 
2-element, 38-phase, 4-wire, Y or delta 
meters; and all polyphase kilovar and kilo- 
volt-ampere meters. The designation of 
such meters has not been questioned be- 
sause of this assumption, 

If Mr. Borden is questioning the method 
of compensation, because it does not follow 
a fundamental law over an unlimited range 
of voltage, it should merely be necessary to 
call attention to the fact that almost all 
commercial meters and instruments are 
accurate over a limited range of some vari- 
able. As an extreme example, synchronous 
clocks are accurate only at rated fre- 
quency. Many instruments and meters 
have vanes or pole pieces of a shape which 
follows no mathematical law but causes the 
device to be accurate over the desired range 
of variables. 
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Sampled-Data Control Systems Studied 
Through Comparison of Sampling with 
Amplitude Modulation 


WILLIAM K. LINVILL 


NONMEMBER AIEE 


AMPLING of a signal is compared to 
amplitude modulation by the signal 

of a carrier of regularly recurring unit im- 
pulses. The frequency spectrum of the 
sampled signal is periodic including the 
spectrum of the pure signal plus some 
complementary or ripple signals. Smooth- 
ing of sampled data is simply filtering to 
remove the ripple. With this point of 
view both sampled and unsampled data 
may be analyzed by the conventional fre- 
quency domain analysis familiar to engi- 
neers. A system containing some parts 
operating on sampled data and some parts 
operating on continuous data can be 
handled entirely by a simple extension of 
conventional frequency analysis. By this 
technique a given feedback system can be 
analyzed for stability and the exact 
nature of its output as a continuous time 
function can be predicted. The analysis 
is simple enough so that the design of a 
sampled-data servo system is as direct as 
the design of a conventional system. 
The prediction of the effect of cascaded 
filters and compensating networks on 
system performance proceeds in much the 
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same way as it is done in the conventional 

studies of continuous-data systems, 

a 

What Is a Sampled-Data Control 
System and What Unique Problem 
Does Its Analysis Present? 


A sampled-data control system is one 
wherein the signal supplied to one or more 
parts of the system is not given continu- 
ously in time, but is supplied at discrete 
values of the time variable, ft. In such a 
system, the part of the system being fed 
intermittently might, for example, have 
an input signal applied to it at =0, T, 
2T, 38T,... (where 7 is the length of time 
between samplings) with no data at all 
supplied in the intervals separating these 
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sampling instants. A control system 
makes use of sampled data when it is im 
possible to supply continuous data to all 
its parts. For example, if digital com 
puters are used in control systems, the 
data output from the computer must be 
supplied intermittently, hence the data 
supplied the remainder of the control sys- 
tem from the computer will be sampled, 
In radar tracking of moving targets, the 
information on the position of a given 
target is supplied intermittently, at in- 
stants separated by the scanning period, 
In all cases wherein pulsed detectors are 
used on amplitude-modulated signals, the 
output of the detector is intermittent, 
being sampled at carrier frequency for a 
half-wave detector or at twice carrier fre- 
quency for a full-wave detector, In all 
pulse-modulation systems, the data sup- 
plied by the pulsed signal is intermittent, 
being given only at the instants when the 
pulse occurs, 

If the sampling frequency in a system 
being supplied intermittent data is high 
enough compared to the signal frequency 
and to the critical frequencies of the sys 
tem, then the fact that the data are not 
supplied continuously has no important 
implications and the whole system be 
haves essentially as a continuous system, 
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When the sampling frequency cannot be 
made high enough for this to be true, 
quite clearly the system will not behave 
as a-continuous system, 

Sampling of data often occurs in high- 
accuracy systems employing feedback, 
The basic objective in the use of feedback 


in any control is to allow a high-gain, or 
high-power controller of very low ac. 
curacy to be monitored by a low-power 
high-accuracy imeasuring system placed 
in the feedback loop. Such a system must 
employ a sensitive error detector, As is 
well-known, when the gain of the feed- 
forward section is increased, the over-all 
accuracy of the system is inereased, but 
the problem of stability becomes critical, 
The system may become unstable when 
the gain is increased; for example, if 
there is too much difference in phase be- 
tween the error signal and the resulting 
output, 
stead of continuous, the stability problem 


If the error signal is sampled in- 


becomes more acute and also harder to 
investigate, It is certainly possible to 
have a system which is perfectly stable 
and satisfactory when the error data are 
supplied continuously but which becomes 
unstable when the error is sampled, 
Though the point of view presented in 
this paper is applicable to many types of 
sampled-data control systems which do 
not use feedback, the main emphasis will 
be placed on a study of a feedback control 
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system with sampled error, A simple 
servo without and with error sampling is 
shown in Figure 1, ‘The basic difficulty in 
describing sampled-data seryvomecha- 
nisms arises because part of the system 
operates on sampled data and part of it 
operates on continuous data, For that 
part which operates on continuous data, 
conventional analysis in the frequency 
domain is the best tool to use in the study 
of system behavior. Vor that part of the 
system which receives, operates on, and 
transmits sampled data, the use of se- 
quences and linear difference equations is 
For a 
single system having a part operating on 


a very useful analytical approach, 


continuous data and a part operating on 
sainpled data, the analysis would be 
greatly facilitated by a single technique 
which would work conveniently on both 
the continuous-data part of the system 
and on the sampled-data part. The two 
obvious approaches to this problem are: 
(1) the extension of the analytical method 
of sequences to the continuous part, (2) 
the extension of the conventional methods 
using the frequency domain to the 
sampled part, The first method has been 
exploited, as will be reviewed in the next 
paragraph, The second method is intro- 


‘duced in this paper, 


Stibitz, Shannon, Hurewiez, and others 
have studied sampled-data control sys- 
tems by use of sinusoidal sequences and 


Figure 3° (left), 


Figure 4 (below), 


linear difference equations. Essentially — 
the approach they use is to deseribe the © 
signal in terms of sequences rather than — 
continuous time functions even in those — 


parts of the system receiving, operating 


on, and transmitting continuous data, 


Such a procedure describes the whole sys: 


tem in terms of one kind of data and al- — 
lows a thoroughgoing study of system — 
stability, but it is so cumbersome that al-— 


most nothing more than stability can be 
studied, There are two serious short- 


comings in this point of departure: (1) | 
in much of the system continuous signals 


are received and transmitted so that many 


of the elements of the system could be — 
properly and very conveniently described 
by conventional transfer functions, and — 


(2) the output is continuous and should be 
expressed as a continuous function of 
time, rather than as a sequence. One 


needs a more complete picture than is — 


given by knowledge of the output only at 
the sampling instants, but such informa- 
tion is hard to get from the difference 
equation approach, 

This paper presents a procedure 
whereby the whole system, sampled-data 
or not, can be described in terms of con- 
tinuous time functions. The resulting 
study of sampled-data systems becomes 
as easy and direct as the study of contin- 
uous-data systems, There are two types 
of junctures in a sampled-data control 
system which require special attention; 
(1) points where continuous data are 
sampled, and (2) points where the 
sampled data are smoothed and fed to a 
continuous-data part. Once the phenom- 
ena at these junctures are properly ex- 
amined, one has merely to study the con- 
tinuous-data part by conventional pro- 
cedures and to formulate some analogous 


How an impulse modulator effectively samples 
the continuous time function of Figure 2 


Vectors describing a single exponential input to 


the impulse modulator and the resulting output 
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Figure 5 (above), 


Amplitude spectrum of an input to the impulse 
modulator and of the resulting output 


Jo(w)|xT 


OUTPUT OF IMPULSE MODULATOR 


Figure 6 (right). Because of periodicity, O(s) has the same values at 


corresponding points in any two strips of the s-plane 


procedure for studying the sampled-data 
part. Before this formulation is presented 
here, the nature of events at the indi- 
cated junctures will be investigated more 
closely. 


Sampling Analogous to Impulse 
Modulation 


The first problem of this paper is to de- 
scribe sampled data in a form which is 
familiar to engineers and which allows it 
to be treated by conventional Fourier 
analysis. In Figure 2, f(£) is a continuous 
time function which is sampled at reg- 
ularly spaced instants. In describing 
only the sampled data, the continuous 
function f(#) is replaced by the sequence 
fo, fi, fe, .... Toavoid the use of sequences 
in describing sampled data, a fictitious 
analogous situation will be invented 
wherein the data have precisely the same 
information as that implied by the se- 
quence but wherein the data are described 
by time functions rather than by se- 
quences. Suppose that the time func- 
tion, f(t), is used to modulate a carrier 
made up of a string of unit impulses. Call 
the time function describing the un- 
modulated impulse wave i(t). The out- 
put of the impulse modulator would then 
be i(t) Xf(d), or a string of impulses whose 
successive areas bear a l-to-l corre- 
spondence with the sequence fo,fi,fo,. . . . 
A picture of the fictitious situation de- 
scribed above is given in Figure 3. In 
short, the process of sampling is entirely 
analogous to the process of impulse 
modulation. The great advantage of the 
latter point of view is that it allows the 
use of conventional Fourier analysis. 

Consider now the response of the im- 
pulse modulator to a single exponential 
input f(t)=Ae*. A Fourier analysis may 
be made of the impulse train, z(t). The 
form of the exponential Fourier series 
will be: 


a(t) = 3 one" (1) 


ru=—o 
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where Q=27/T, the sampling frequency, 
and a,’s are the Fourier coefficients. By 
performing the Fourier analysis it fol- 
lows 


5; fe jnot l 
an => Ute dt =— 2) 
fe _T/2 Hf ( / 


The impulse modulator output o(¢) is 


-) 


o(t)=f(t)Xi(t)=Ae* > = i (3) 


nrn=—o@ 


Carrying out the multiplication term by 
term, it follows 


fo) 


-4) ry 
Ane (4) 


n=—o@ 


Thus application of an input signal of 
complex frequency s to the impulse 
modulator results in an output com- 
ponent which is the exact input multi- 
plied by 1/7, and an additional output 
component of frequencies differing from 


Figure 7. High- 
frequency input sig- 
nals are lost in the 
impulse modulator. 
Three input signals 
and corresponding 
outputs 
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s by integral multiples of sampling fre- 
quency jQ. For s=jw, the situation may 
be pictured graphically as in Figure 4. 

Since responses of the modulator are 
additive, each signal component is 
handled independently. If a signal hay- 
ing an amplitude spectrum, F(w), as 
shown in Figure 5, is applied at the input 
of the impulse modulator, the modulator 
output, O(w), will be as indicated. The 
Fourier transform of the output is related 
to the transform of the input by: 


fos) 


Ow)= = y F(w+nQ) (5) 


n=—@ 


It is impossible to describe the operation 
of the modulator by a transfer function 
because the transform F(s) cannot be 
multiplied by any function of s independ- 
ent of F(s) which will yield the transform 
O(s), since the latter is related to F(s) by a 
summation or convolution and not by a 
multiplication. 

Note that the transform of the impulse 
modulator output is periodic. O(w) as 


CORRESPONDING OUTPUT SIGNALS FROM THE 


IMPULSE MODULATOR 
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Figure 8. 


defined by equation 5 has the same value 
for any two values of w which differ by 
kQ. The s-plane can be divided into 
strips as in Figure 6. O(s) has the same 
value in strip 1 as it has at corresponding 
points in strip 0, strip -1, strip -2,... that 
is, O(s) =O(s+jrQ). 

The Fourier transform of the sampled 
data should be expected to be periodic. 
Recall that the Fourier transformation of 
a periodic time function yields a Fourier 
series which is represented by a set of 
samples (impulses) in the frequency do- 
main. The Fourier transformation of a 
set of samples in the time domain should 
accordingly be expected to yield a periodic 
frequency function. 

The impulse modulator has two funda- 
mental characteristics which are seen 
directly from its description in the fre- 
quency domain: 

1. The impulse modulator output contains 


the exact replica of the input as well as un- 
wanted or complementary* signals. 


2. Any input signals of frequency greater 
than 2/2=7/T get mixed up with comple- 
mentary signals and can never be regained. 


Figure 7 gives the amplitude spectra of 
the input and output of the impulse 
modulator for three different signals. For 
result (1) consider signal A. The output 
signal of the modulator can be divided 
into two kinds, pure and complementary 
signals. The pure signal is the one com- 
ponent of the output which is centered 
around zero frequency. The comple- 
mentary components are those centered 
around nQ when #0. The pure signal is 
an ‘exact reproduction of the input in am- 
plitude and phase characteristics. The 
complementary signal components have 
amplitude and phase characteristics iden- 
tical with the pure signal output, but are 
merely shifted in frequency from the pure 
signal by nQ. The way to regain the 
actual input signal from the modulator 
output is by filtering to cut out the com- 
plementary signals and leave only the 
pure signal, as will be discussed later. 


*The term ‘“‘complementary”’ was suggested by T. F. 
Jones. 
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Smoothing of the samples of the curve Figure 2 by clamping 
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Figure 9. A closed-loop servo system with error sampling and its | 


Result (2)* is that no signal of higher 
frequency than 2/2 is transmitted by a 
sampling device, and it can be observed 
by comparing signal A to signals B and c 


*This result has been stated as a sampling theorem 
by C. E. Shannon. 


rei(s) 
1+K, 3, (s) 


E(s) = 


equivalent circuit 


in Figure 7. There would be no confusion 


as to what was pure signal and what was 
complementary signal in the case of the 
output to signal A. However, for input 
signal B and signal C, which themselves 
are radically different, the impulse modu- 


co 
Cro (s + j mn) 


Nee pe m=-oo 


co 
1+XOK2 fBe(stjnn) 
n=-oo 


+4, IS PURELY ASAMPLED SIGNAL AND IS OPER- 
ATED ON BY THE LOOP AS IF THE LOOP DEALT 
ONLY WITH SAMPLED SIGNALS. 


(A) EQUIVALENT CIRCUITS OF THE TWO SYSTEMS. 


rO4i(s) E(s) 
CONTINUOUS] 1+K, 3,(s) | CONTINUOUS 


INPUT ERROR 


| 
CONTINUOUS| SAMPLED 
DATA | 
| 


CONTINUOUS! 
INPUT 


SAMPLED 
INPUT 


SAMPLED 
ERROR 


| PERIODIC SYSTEM 
FUNCTION OPERATING 
ON SAMPLED INPUT 
TO YIELD SAMPLED 
ERROR. 


DATA 


(b) EQUIVALENT CASCADED SYSTEMS RELATING ERROR TO INPUT. 


reri(s) | 1 | Els) —r@xW(s) 
ma ee 
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DATA 
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CARRIER | 
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| 
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DATA DATA 


SAMPLED DATA ARE SMOOTHED BY THE TRANSFER 
FUNCTION Ka(s) BECAUSE IT IS NOT PERIODIC. 


(c) EQUIVALENT CASCADED OVERALL SYSTEMS. 


Figure 10. A comparison between a sampled-data control and a conventional type 
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lator outputs are identical. 


When fre- 
quencies of pure and complementary sig- 
nals overlap, the pure and complementary 
signals cannot be unscrambled, therefore 
signals of frequency {2/2 or greater just 
cannot be transmitted by the sampling de- 
vice. Thus, a fixed sampling rate im- 
poses a limit on the frequency band of the 
signals that can be transmitted, and for 
signals of higher frequencies it is necessary 
to increase the sampling rate. 


Smoothing of Sampled Data Is 
Linear Filtering 


When sampled data are fed into a con- 
tinuous-data section of a control system 
the problem of smoothing the data is im- 
portant. From the preceding frequency 
analysis of sampled data, the problem of 
smoothing is seen to be nothing more 


(A) STABLE 
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K@ OR EKB-PLANE 


LOCUS OF K@ 


(B) UNSTABLE 


NO INPUT 


OUTPUT 


Figure 11 (left). Steps in obtaining =K8 locus from KB locus 


Figure 13 (above). 


LOCUS OF ZK@ 


than low-pass filtering. The effective- 
ness of the smoothing of two different 
systems can be judged in the frequency 
domain by conventional procedures, 
Often in the sampled-data section, the 
data are in some coded form, such as 
pulse-code modulation, or pulse-width 
modulation and the conversion from 
sampled data to continuous data involves 
some conversion operation in addition to 
filtering. One very popular type of filter- 
ing used in conjunction with such a con- 
version device is called clamping. When 
a converter output is clamped the pro- 
cedure is to hold the latest sample until a 
new sample is supplied. Figure 8 shows 
how the sequence of samples of the curve 
of Figure 2 could be reconverted to con- 
tinuous data by clamping. If the suc- 
cessive samples have little relative change, 
the clamping can be used successfully. 
If successive samples are very different, 
the use of a clamper is ineffective be- 
cause it ‘‘remembers stale data.”’ Study 
of the clamper in the frequency domain is 
very simple and enlightening. The pur- 
pose of the clamper is merely filtering the 
complementary signals out of the pure 
signals. Use of a clamper is the equivalent 
of applying the impulse-modulated data 
into a filter having an impulse response 


N 
\ Figure 14 (below). 
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system 


which is a pulse of unit height and length 
T. The transfer function of such a filter is 
1/s(i—e~*). This is a low-pass-filter 
characteristic with a slow cutoff. The pro- 
portion of complementary signal passed 
by the filter*determines the amount of 
“ripple” in the smoothed output. In 
general, the specification of the smoothing 
filter is a typical filter problem which can 
be handled by conventional procedures. 
Theoretically, at least, if good smoothing 
is wanted, the lags which are inherent in 
a low-pass filter must be tolerated. Since 
the characteristics of both pure and 
complementary signals are known, the 
Wiener-Lee method for specifying opti- 
mui linear filtering is applicable. 


Analysis of Sampled-Error-Data 
Servo Systems 


With the description of the operation at 
the two important junctures in a sampled- 
data control system, the analysis problem 
would be well in hand if a description 
could be made of the operation on the 
signal by the continuous-data part of the 
system and the operation on the signal 
by the sampled-data part of the system. 
The operation of the continuous-data part 
is readily described by conventional trans- 
fer functions. Many sampled-data con- 
trol systems have no operation on sampled 
data except storage, so this paper will be 
confined to cases wherein no operation is 


Figure 12 (left). Loci of KB for a stable and an unstable system 


Feedback monitors the output in a sampled- 
error-data system 
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made on the sampled data other than 
storage. With the recent development 
of high-speed digital computers the 
feasibility of operating on the sampled 
data is greatly enhanced. In a research 
study by John Salzer and the author, an 
analysis of linear operations of digital 
computers by use of transfer functions is 
made, The transfer functions have the 
same periodic character as the Fourier 
transforms of sampled data. The point of 
view which describes sampled data as the 
equivalent of a modulated wave of unit 
impulses makes it possible to describe all 
parts of a sampled data control system by 
frequency analysis. The only restriction 
on the system is that it operate on the 
data in a linear fashion. 

The present section will treat the 
analysis of a sampled-error-data servo- 
mechanism which has no dynamic ele- 
ments operating on the data while it is in 
sampled form. Figure 9 shows such a 
system along with its equivalent circuit. 
The combination of sampling switch and 
holding device is replaced by the com- 
bination of impulse modulator and filter, 
The effect of the impulse modulator is in- 
dicated in equation 5, but the 1/7 factor 
is now transferred to the filter, This 
arbitrary transfer makes the pure com- 
ponent of the modulator output equal to 
its input and will facilitate further analy- 
sis. The holding filter has low-pass char- 
acteristics, as defined by its transfer func- 
tion [[,(s), which is the transform of its 
unit impulse response. For reasons stated 
above, /,(s) is changed to IT,(s)/T and 
can be combined with the rest of the feed- 
forward section H/(s), The product JT 
(1;/T) is called K(s) and considered a 
single transfer function, 


APPLICATION OF THE EQUIVALENT 
Circult TO THE StuDY Or A SAMPLED- 
HRROR-DATA SERVO SYSTEM 


The one interesting phenomenon which 
makes a sampled-error-data servomech- 
anism somewhat harder to analyze than a 
conventional servomechanism is the fact 
that complementary output signals are 
fed back and enter as error signals into 
the sampling device where they contribute 
to the pure output. Refer to the output 
of the impulse modulator (point A) in 
Figure 9. It has already been pointed out 
that at the output of the impulse modu- 
lator all components differing in fre- 
quency by n® have identical complex am- 
plitudes. This is so regardless of the 
nature of the signal at the input of the 
impulse modulator. The same is not true 
at any other point in the system; for ex- 
ample, 0 being continuous will not be 
periodic in the frequency domain, — For 
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this reason, the signal at point A is easier 
to describe analytically than the signal 
at any other point in the closed loop, 
This fact leads one to investigate the rela- 
tion between the signal at point A in 
Figure 9 and the input signal. 

Suppose the input to the control system 
has only one frequency component, 
Such an input might be described by 
equation 6, 


O4(L) = dye" (6) 


The input to the impulse modulator will 
contain not only 6,(L) but also all the fed- 
back signals. All these signals will be re- 
lated to the value of 0,. The signals 6, 
are all linearly related to the signals at 
point A, Figure 9. Since the input signal 
6,(t) has only a single frequency 5, and 
since new frequencies arerintroduced into 
the system only by the impulse modu- 
lator, the permissible frequencies at any 
point in the system are s,-+-jw%l, No 
signal of any other frequency exists at any 
point; furthermore, at point A all per- 
missible signals exist and have equal com- 
plex amplitudes. Call this complex am- 
plitude 4; then signal at A is given by 


OA(t) = bge dre TIDE 4 gp Q(t 149M) t 
be tae belt =10)t AL 
Byatt) gy gM —TM Ey (7) 


If the fed-back signal was known, ®, 
could be found, The fed-back signal may 
be found in terms of ®, and Kf, Call the 
fed-back signal O7)(1); then 


Oyu t) = — 4 [KBs )e"!4- 
K B(s1-- jr! 4. 
K B(s,-+j22) X 14 944. 
KB(s;— jae 44 4. 
K B( 5; + j20r)e rey. (8) 


The signal input to the impulse modulator 
is 


0+ Of = De! — ab, 2 KBX 


Ne © 


(si-bjncr)elr tena (9) 


Wquation 9 shows that the input to the 
impulse modulator may contain all per- 
missible frequencies with unequal am- 
plitudes, yet its output can be no more 
complicated than indicated in equation 7, 
It remains to relate 4 to the input, equa- 
tion 9, As already noted @, is the com- 
plex amplitude of any of the terms of 
equation 7, Vor the sake of simplicity 
pick the ¢ term of the signal at point A 
and ask; How do the various input signal 
components of equation 9 contribute to 
this single term é' of the modulator out- 
put? Clearly ®e" leads to a modulator 
output De" (as well as otheroutput com- 
ponents of complex frequencies which we 
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“ 


W 
are not interested in at the moment), 
Each single component term —~®,KB(s4- 
jn" of the fed-back signal will 

yield a modulator output componen 
—P,KB(s,+-jnQ)é" (as well as other o 
put components which we are not ir 
terested in at the moment). Thus the 
first term on the right side of equation 7 
will be wt 


oa 
bye! dye!!! — bye SK B(s+-jnst) (10) 
nm — Oo 4 
Similar results can be obtained for any 
term of equation 7, as indeed it was noted 
that all complex amplitudes are ®,. 
Solving equation 10 for Py yields 


by 
Pym: - _ 


7) 


1+ >) K&(s)+jno) 


hem wo 


(11), 


Equation 11 leads to a very useful result, 
For an input 0,(t) of any single complex 
frequency s; the signal at point A is given — 
as a function of time by combining equa- 
tions 7 and 11; that is, 


© dye tdmgh)t 
O4(1) = Tesaugeee (12) 
p we, 1+ DY) Kp(si-+jno) 
Th ot — op na— wo 


Since the coupling between point A and 
the servo output is made by a purely con- 
ventioual linear element, the complex 
output signal is &, multiplied by the con- 
ventional transfer function. Thus the 
amplitude of the output component 
having frequency (s:-+-jmQ) is PK (s+ 
jm). Summing the output components 
and using equation 11 one obtains the 
output time function, 


2 bi K(si+jmaetemnt 


Oo(t) ~ Se 


Nha — 0 


I+ 2) KA(s+jna) a 
nea — oo 

Because of the fact that a sampled-data 
control system is a linear device, one can 
superpose responses and relate the Fourier 
transform of the output of such a system 
to the Fourier transform of the input by 
merely extending Equation 18, Where 
one had a simple input 0,() =e", the 
output was given by equation 13, If 
sy jo, and represented the input and the 
output in the frequency domain, the 
Fourier analysis of the input would lead 
to a single line spectrum, |, at @ for 
the input spectrum, ‘The output spee- 
trum would be an infinite number of lines 
separated by & The spectrum for point 
A, after the impulse modulator, would 
have lines all having the same length, 


Diy) 


1+ 3) KBCjor-+jna) 
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At the output the same frequencies 
{ would be present as were present at A, 
_ but the respective amplitudes would be 
_ different because of the filtering proper- 
"ties of the feed-forward section after the 
‘impulse modulator. 

The preceding discussion is nothing 
more than,an interpretation of equation 
13. Now, Suppose that instead of apply- 
| ing an input having a single term in its 
| Fourier transform, one applied an input 
| having a Fourier transform 0,(s). The 
Fourier transform of the signal at the 
point A would be 


AF S20. aa 


o 


YS (st jme) 


m=—o 


@4(s) = (14) 


fe) 


1+ >> KB(s+jno) 


r=—o 
It follows that the output transform is 


Oo(s) = K(s)@(s) 


foe) 


dS Oi(s-+jmoa) 


= = K(s) (15) 
1+ )) K6(s+jno) 


n=—o 


So far as the quantitative description of 
the system characteristics of a sampled- 
error-data servomechanism is concerned, 
equation 15 gives a complete story. Its 
physical significance now will be ex- 
plored. 

A sampled-error-data servomechanism 
has so much in common with a conven- 
tional continuous-error-data type that a 
comparison of the two is enlightening. 
Figure 10 pictures such a comparison. 
Parts (A) and (B) of this figure draw an 
analogy between the error signal E(s) of a 
continuous-data system and the sampled- 
error signal @, of a sampled-data system. 
In spite of the fact that the servo loop en- 
closing the impulse modulator has a 
major section which receives and trans- 
mits continuous data, the loop signal, 
Q@,, at the output of the impulse modu- 
lator has characteristics entirely like the 
output of a system operating entirely on 
sampled data. The error, though sampled, 
is smoothed by the filter Ay, which has 
nonperiodic characteristics. 

A good picture of the operation of the 
sampled-data-control system can be ob- 
tained by plotting the locus of 


K 


1+ >) KB(s+jn2) 


n=—o 


for s=jw. This plot is very simple to 
make in all practical cases. Since KB has 
low-pass filter characteristics ZAG has 
only two or three terms of large enough 
size to be important. Figure 11 shows 
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the steps in obtaining a DAB from the 
K®@ locus. First lay out the K@ locus and 
mark off on it the w-values. For the locus 
shown, the sampling frequency is 10 
radians per second. Because the value of 
K@ is small for w>10, only the two low- 
frequency terms of K6 need be considered. 
As an example, to find 2A6 for w=4, add 
K6G4)+KGY14)+K6(24)+ ... + KB 
(—j6)+KB(—j16)+ .... All terms ex- 
cept K@(j4) and K6(—j6) are negligibly 
small. The addition of these two terms is 
indicated by the vectors A@(j4) and 
b= KB(—j6) in Figure 11. The process is 
repeated for w=5, 3, 2, et cetera. Ifitis 
wished to form AB for w=6, it would 
be found to be the same as YA@G for 
w=6—10=—4 which is the conjugate of 
2KG for w=4. Once the DKB locus is 
found, the system function K/1+2K6, 
is found exactly as in the conventional 
case. When the engineer has the necessary 
loci for a given system, what further 
problems does he face? Essentially there 
remain three questions: 


1. What is the stability of the system? 


2. How well are the complementary signals 
filtered out at the output? 


3. How effective is the feedback link in 
monitoring the output? 


INVESTIGATION OF STABILITY 


In the study of linear continuous-data 
systems two avenues for determining 
stability are available: (1) the location of 
the roots of the characteristic equation 
obtained from the differential equation 
describing the system, and (2) the loca- 
tion in the s-plane of the poles of the sys- 
tem function. In the case of conventional 
linear systems operating on continuous 
data, both procedures are usable and re- 
sults agree, but for linear systems operat~- 
ing on both sampled and continuous data, 
only the second method, essentially that 
of Fourier or Laplace transformation, is 
usable because differential equations can- 
not be used directly with sampled signals. 

Recall that the use of Fourier or La- 
place transformations to analyze a super- 
posable system has three steps, 


1. Transformation of the input. 


2. Relation of the input and output trans- 
forms. 


3. Composition of the frequency com- 
ponents of the output into a time function. 


Even if the system is unstable, as 
shown by system function poles in the 
right half-plane, the output of the system 
is still described by its Laplace transform, 
The inverse transformation (step 8) is 
still unique with the abscissa of absolute 
convergence of the resulting output fune- 
tion moved to the right of all the poles. 
It is well to note that the conventional 
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inverse Fourier transformation breaks 
down on the problem of composition of 
output components into a time function 
output when the system is unstable, The 
inverse Laplace transformation is still 
valid because the transformation integral 
is not evaluated along the imaginary axis 
in the s-plane as the inverse Fourier in- 
tegral is, but along a vertical line to the 
right of all singularities, and hence the 
growing exponentials in the resulting time 
function are adequately handled. 

With the assurance that the Laplace 
transform approach is valid even for un- 
stable systems, one now passes to the 
application of it to test stability. One 
could say that a system is stable if its re- 
sponse to any bounded input has no grow- 
ing exponentials; that is, the transform 
of the output has no poles in the right 
half s-plane. Reference to equation 15 
indicates that the right half-plane poles 
of 0,(s), the transform of the output, can 
only come from the denominator of 
equation 15, because neither the trans- 
form of the input nor A(s) will have poles 
in the right half-plane. The sufficient 
condition for stability of the system is 
that the 0’s of 1+2KA6 be in the left 
half-plane. This condition is equivalent 
to saying that the —1’s of 2A8 lie in left 
half s-plane. Since SAB is periodic in s 
of period jQ, all its —1’s come in groups. 
If there be one —1 of SAG in right half- 
plane there will be an infinite number 
of —1’s each separated by multiples of 


jQ from all the rest. The Nyquist plot is 


still a valid and convenient way to test 
for the presence of —1’s in the right half 
s-plane. Figure 12 shows 2K loci of a 
stable and an unstable system, 


PRESENCE OF COMPLEMENTARY SIGNALS 
IN THE OUTPUT 


Since the output of the impulse modula- 
tor has pure and complementary signals of 
equal size the only factor which sup- 
presses complementary signals (those for 
m#()) before they get to the output is the 
smallness of K(s-+-jmQ) compared to 
K(s). In short, to suppress complemen- 
tary signals, K must be made to have low- 
pass filter characteristics. The fact that 
feedback is present does not reduce at 
all the proportion of pure to complemen- 
tary signals. Asa matter of fact, this pro- 
portion is always the same for the output 
of an impulse modulator no matter where 
it is located. If any nonlinearity exists in 
the output member, such as would result 
from motor saturation, it is possible to 
have mixing of the pure and complemen- 
tary signals in the nonlinear elements, 
This mixing is most troublesome when the 
input signal spectrum extends to fre- 
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quencies near 2/2. The difference-fre- 
quency signals arising from the inter- 
modulation could be very troublesome be- 
cause they are of low frequencies and the 
natural low-pass filter characteristics of 
the output member would favor these 
purely noise signals over the higher fre- 
quency pure signals. The only cure for 
this trouble is to remove saturation ef- 
fects from the nonlinear elements or if 
this is impossible to filter out comple- 
mentary signals from the impulse modu- 
later before they reach the nonlinear 
element. 


EFFECTIVENESS OF OuTpuT MONITORING 
BY SAMPLED ERROR 


The essential objective in the use of 
feedback in any control system is to 
monitor a high-power low-accuracy out- 
put element with a sensitive measuring de- 
vice in a feedback loop. If a disturbance 
causes an output not called for at the in- 
put, an error signal goes down the feed- 
forward path to improve the situation. 
The effects of inaccuracies in the output 
member can be represented by disturb- 
ance signals applied at the input of the 
output members. Figure 13 shows such a 
representation. Assume for simplicity 
that the input is zero and that the dis- 
turbance is a single exponential of complex 
amplitude ®, and frequency s,;. The 
loop signal resulting from the disturbance 
can be called @g. It is smaller than it 
would be without feedback if the fed- 
back signal subtracts from ®,. 


qi = Pa — Ky(s2)Ko( 52) B( 52) Par (16) 


1 
1+ -Ki(s)Kol 52) (52) 
( Ki(s2) Ko(s2)8(s2) ) 
=q\| 1— = 
1+ Ki(s2)Ko(s2)B(s2) 


Pai = ba 


The size of ®g, will be much smaller than 
@, only if 


1+KiK26 


is much smaller than unity. This will be 


true so long as 


Ki K28 
1+ K,Ko8 


is nearly unity. 

The use of feedback in a sampled-error- 
data system has the same objective as the 
use of feedback in a continuous-data 
system except for the fact that the moni- 
toring is done on a ‘periodic check-up” 
basis rather than continuously. Figure 
14 shows a possible representation of a 
disturbance in a sampled-error-data sys- 
tem. Sampling introduces two effects on 
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monitoring. First the correcting signal, 
which is the output of the impulse modu- 
lator, will contain pure and complemen- 
tary components with equal complex am- 
plitudes ®,. The pure component is able 
to counteract the disturbance if it sub- 
tracts from ®,, but the complementary 
components are merely ripple and have 
no beneficial effect on the system output. 
The second consequence of sampling is 
that the size of the pure correcting signal 
depends on the sizes of both pure and 
complementary fed-back signals. Thus 
the amplitude of the pure component of 
the correcting signal at the output of the 
impulse modulator can be found by 


d4= — $a Ko(52)B(s2) — Pa re; x 


n=—o 


Ki(so+jnQ) Kol so+jnQ)B(s2+-jnQ) (17) 


Call the amplitude of the pure loop signal 


Py. Then, 
Hq) = ba +h4K (52) (18) 


Combining equations 17 and 18 yields 


bai = Pa X 
ee Ki(s2) Ke (s2)B(s2) 
I= s Ky sa+jnQ) Bol so+ 
(Fe) jnQ)B(s2+-jnQ) 
(19) 


The nearness of 


KKB 
1+2K,K28 


in equation 19 to a value of one is a meas- 
ure of how well the sampled-error-data 
feedback system suppresses a disturbing 
signal of frequency 5». 

The correcting signal contains both 
pure and complementary signals. There 
are two aspects of this fact which deserve 
particular attention. First, if the dis- 
turbing signal frequency is less than (2/2, 
the frequency of the complementary com- 
ponents of the correcting signal all lie 
above {2/2 and can be filtered out by the 
feed-forward section, K,K». Second, if 
the frequency of the disturbing signal is 
greater than 2/2, the frequency of some 
complementary component of the cor- 
recting signal lies below 2/2 and it causes 
a high-amplitude low-frequency output 
disturbance at the output which is more 
objectionable than the disturbance that 
initiates it. The feedback in this case 
makes matters worse than they would be 
without it. In short, the section between 
any high-frequency-disturbance inputs 
and the input to the impulse modulator 
must contain very good low-pass filters. 
In the above example K» must be a low- 
pass filter. Furthermore, since feedback 
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cannot reduce the corruption of the out- 
put due to a high-frequency disturbance, 
it is necessary to make Ky by itself a g 
low-pass filter because it is the only ob- 
stacle standing between the actual dis- 
turbing signal and the output. 


Summary of Analysis and 
Consequent Design Objectiyes 


Treating the process of sampling as 
impulse modulation allows one to analyze 
a sampled-error-data system by conven- 
tional methods. The analysis is direct 


and the effects of changes in design ap-_ 


pear as changes in K or 8. In turn it is 


very easy to evaluate the effect of changes — 


in K or B on the system performance. 
Having developed an analysis procedure 
one can now turn to a study of design 
objectives. 

In any of the common control systems 
the objective in design is to obtain a sys- 
tem which will cause the output quantity 
described by the variable 0,(¢) lo assume 
values as close as possible to those dic- 
tated by the input quantity, 0,(t). At the 
outset it should be made clear that there 
exists no single, universal criterion of 
“goodness” of a control system, Below 
are three basic design conditions which 
are among the most important in sampled- 
data-control system design. No claim is 
made that they are the criteria, but they 
are at least worthy of consideration in a 
majority of practical cases. 


1. The feedback monitoring must be effec- 
tive; therefore, the valueof KB/1+24K8 shall 
be kept close to unity for as much of the 


fundamental frequency range (from —Q/2 _ 


to 2/2) as possible. 

2. The system response must be satisfac- 
tory; therefore the value of K/1-+-2K6 shall 
have, insofar as possible, an acceptable 
amplitude and phase characteristic up to 
the frequency 2/2. 

8. Output ripple, produced by sampling, 
must be suppressed; therefore the transfer 
function K(s) of the feed-forward element 


should cut off as sharply as practicable at 
0/2. 


Having reduced the analysis of sampled- 
data-systems to one similar to the analysis 
of conventional servomechanisms and 
having laid out design objectives, one can 
now design sampled-data control systems 
by conventional techniques. 
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AIEE TRANSACTIONS 


Discussion 


John R. Ragazzini and L. A. Zadeh (Colum- 
bia University, New York, N. Y.): There 
are several interesting results in this paper 
which correlate with some of the work done 
by the discussors in connection with the 
so-called z-transform method of analysis 
and synthesis of sampled-data control 
systems. || 

The z-transform of a function f(t) is 
essentially the Laplace transform of the 
product f(t)ér(t) (where 5d7(t) represents 
a train of unit impulses with period T) ex- 
pressed in terms of an auxiliary variable 
z=e" instead of s. The z-transform ap- 
proach is closely related to the so-called 
“generating function’’ method of solution of 
difference equations which dates back to 
Laplace.! Other closely related methods 
are those due to Jordan,? Samuelson,’ 
Tuttle,¢ and Stone.6 The 3-transform 
method as such and, in particular, its appli- 
cation to servomechanisms and _ pulsed 
filters is treated in two standard tests on 
servomechanisms®'~? and, in somewhat 
greater detail, in a paper by Raymond.’ 
Various extensions of the z-transform ap- 
proach and its reduction to engineering 
practice now are under way and will be 
presented in forthcoming papers, 

The connecting link between Dr. Linvill’s 
and z-transform methods is placed in evi- 
dence by expressing the Laplace transform 
of a sampled function f(¢)5r(t) in two differ- 
ent ways. 

Thus, employing complex convolution, 
one can write 


C+ 00 
Lantos} al A(x) F(s—x)dx 
2Qaj bes (1) 


where Ar(s) and F(s) are the Laplace 
transforms of 67(t) and f(t) respectively. 
Substituting the expression for Ay(s). 


Ar(s)= (2) 


i gues 


in equation 1 and performing the contour 
integration yields: 


1 cto Fs —x) 
A fant fo} =5 if aete 


—jo 


= > Astin), a= (3) 


n=—o 


Alternatively, interchanging the functions 
67(t) and f(t) yields: 


1 eH F(x) dx 
A farcry} Oi of Jae 26-2) 


= fie) 


= F*(e 8") = F*(z), g=e*? (4) 


where F*(z) is the z-transform of f(t), as 
defined in references 6 and 7. Conse- 
quently, the connecting link between an 
infinite summation of the form 3 and the 
corresponding z-transform is 


YS Fs-tina) = FM(2) (5) 


which is equivalent to equation 65 of refer- 
ence 6. It is of historical interest to note 
that the identity expressed by equation 5 
was discovered more than a century ago 
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by Poisson and is known as the Poisson 
summation rule. 

The point which is being made here is 
that the infinite summations used by the 
author may be expressed in closed and gen- 
erally simple form by using the z-transform 
formulation, As a matter of fact, the 
Nyquist plot of the function 


YS Kalstina) 


Nama —o 


which is used by the authot for the investi- 
gation of stability, can be constructed 
without any recourse to approximation by 
plotting the associated z-transform K6*(z) 
as z traverses the unit circle in the g-plane. 
This approach results in a considerable 
saving in time and effort. 

From the standpoint of s-transform 
method, the input-output relation given 
by the author’s equation 15 may be re- 
garded as stemming from the expression 
for the z-transform of the error 

ak 
eX(s)=— uC 
1+KB*(z) 
Thus, multiplying this expression by the 
forward gain function A(s) one obtains 


OMS) CS) 0 | App 
1+Kp%(s) °° (7) 


(6) 


(5) = 


which is equivalent to the author’s result, 
equation 15. 

In the past, the applications of 2-trans- 
form technique in the field of servomech- 
anisms have centered chiefly around the 
investigation of stability of sampled-data 
control systems. However, work now in 
progress indicates that the z-transform 
method also can be used advantageously for 
the design of such systems by shaping the 
loop transmission function K6*(z) in much 
the same manner as in the case of con- 
tinuous control systems. 

In conclusion, it is believed that the 
z-transform method has much promise as 
a tool in the analysis and design of sampled- 
data control systems, although the fre- 
quency analysis technique developed by 
Dr. Linvill is frequently more practicable 
and has the unquestioned advantage of 
being more easily applied by the engineer 
familiar with the conventional techniques 
of handling continuous control systems. 
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William K. Linvill: As indicated by the 
discussors, all common results of the s- 
transform approach and the approach of 
this paper agree. The essential difference 
between the z-transform approach and the 
approach of this paper is that the z-trans- 
form approach describes all signals in the 
system by sequences of samples whereas 
this paper describes all signals by continu- 
ous time functions and their transforms, 
With the s-transform approach, a continu- 
ous signal is described only by its value at 
the sampling instants and no data on the 
signal is given at other values of time. 
With the approach of this paper, a continu- 
ous signal is described in the conventional 
fashion and a sampled signal is described as 
the limiting case of a continuous signal. A 
look at the characteristics of the impulse 
modulator illustrates this point. The 
modulation of a string of impulses by the 
signal to be sampled may be viewed as the 
limiting case of the modulation of a string 
of smooth pulses by the signal as the pulses 
become sharper and sharper. The modu- 
lator output corresponding to a carrier of 
smooth pulses is a continuous time func- 
tion. As the pulses become sharper and 
sharper the modulator output approaches 
an instantaneously sampled signal. The 
Fourier transform of the continuous output 
signal is aperiodic. As the carrier pulses 
become sharper, the transform of the modu- 
lator output becomes more nearly periodic 
until finally the transform of the sampled 
signal is periodic and consequently is a 
rational function of «~*" (or z). Thus the 
signals in a control system whether sampled 
or not can be handled by the conventional 
frequency approach. The control system 
components whether continuous-type or 
sampled-type can all be handled by transfer 
functions. The components which receive 
and transmit sampled data are described 
naturally by transfer functions which are 
periodic in the frequency domain (rational 
functions of e~*”); those components de- 
livering continuous output signals are de- 
scribed by conventional transfer functions 
which are aperiodic (rational functions of 


Ss). 

The fact that all parts of the system are 
described in conventional terms makes the 
handling of mixed systems very convenient, 

The root of the difficulty in handling 
sampled-error-data servomechanisms is that 
the whole closed loop behaves like a sampled 
data device, although it is made up of con- 
tinuous-data components. This fact is illus- 
trated by Figure 10 of the paper. Using 
the frequency domain approach one can 
handle this type of system as a conventional 
system except that he must account for the 
complementary signals which cause K B(s) 
to be replaced by 


>> KB(s+jnQ) 


n= — oo 


Figure 11 shows an approximate graphical 
procedure to evaluate 


SS KB(s+jnQ) 


n=—o 


Though the paper neglected to mention it, 
this summation can always be obtained 
analytically in closed form by making a 
partial fraction expansion of K B(s) and then 
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performing the infinite summation on each 
term of the partial fraction expansion. The 
infinite summation on each term always 
exists in closed form and agrees with the 
KB*(z) mentioned by the _ discussors. 
Though the K6*(z) described by the dis- 
cussors above equation 6 of their discussion 
exists in closed form it is unnecessary to go 
to the z-transform formulation to obtain 
closed form for the summation. While the 
final form of K®*(z) is simple enough, the 
process for obtaining it from the character- 
istics of the servo loop components by the 
z-transform approach is tortuous. Suppose 
one were given a servo system with the 
characteristics of all the loop components 
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given and he wished to investigate quickly 
the effect on the system performance of 
introducing a lead network into the system. 
This investigation would be hard by the 
z-transform approach and easy by the pro- 
cedure of this paper. One could not obtain 
the new KB*(z) directly from the old one; 
however, the new K(s) is found easily 
from the old one by merely multiplying the 
old KB(s) by the transfer function of the 
lead network. A very good approximation 
of the new 2K B can be easily obtained from 
the new K(s) by the graphical procedure 
of Figure 11. While the graphical summa- 
tion is approximate, it is a very good ap- 
proximation and is very easy to get. It is 
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‘OF 


an excellent vehicle for the cut-A4nd-tr 
process which is often useful in syst 
design, , : 
Summarizing: all common results 
tween the g-transform approach and | 
approach of this paper agree. The dif 
ence between the two is that one describe 
all signals by sequences of samples, while 
the other describes all signals as if they were 
continuous; the approach of this paper 
seems particularly advantageous on emixed — 
systems, for example, the exact characteri- 
zation of a sampled-error-data systém is 
possible by both methods but a convenient 
approximate characterization also can be 
made from the approach of this paper. 


+ 
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_ which make up what is apparent as the 
thermal conductivity of moist soil. This 


apparent thermal conductivity 


\\ 


The Tietinal Conductivity of Moist Soil 


A. S. MICKLEY 


MEMBER AIEE 


OIST soil consists of three compo- 
nent materials: solid soil particles, 
air, and water. It is the composite heat 
transfer properties of these three items 


is of 
great importance to electrical engineers 
in the calculation of ampere load ratings 
of underground cable lines and also in 
other problems of underground heat 
transfer, such as the calculation of buried 
steam line losses and the design of heat 
pump ground coils. 

The purpose of this paper is four- 
fold: 


1. To build up the theory of thermal con- 


~ duction in the composite soil, air, and water 


body. 


2. To present laboratory data on the ther- 
mal conductivity of various combinations of 
these three components to illustrate the 
application of the theory. 


3. To present field data showing the be- 
havior of a soil in situ over the seasons, illus- 
trating the thermal conductivity effects of 
variations of moisture content brought 
about by rainfall and soil water movement 
under thermal gradients. 


4. To show how the theory and data can 
be applied to a practical problem. 


Theory 


A unit volume of soil in situ consists of 
the following: 


1. A fixed volume of solid material. 


2. Water, which occupies some of the 
volume not occupied by the solid material. 


8. Air (or vapor), which occupies that part 
of the remaining volume, if any, which is not 
occupied by either solid material or-water. 


Under the usual conditions the solid 
material is, of course, broken up into tiny 
soil particles, with water and air occupy- 
ing the pore spaces between the par- 
ticles. 
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For the purpose of the develop- 
ment of this theory, it will be considered 
that, in a unit volume of soil, the solid ma- 
terial is monolithic, rather than broken 
into many particles. The limitations of 
this assumption will be taken up later. 

The monolith assumed is illustrated in 
Figures 1(A) and 1(B) for the case of com- 
pletely dry soil. This form, fitted into a 
unit cube, has the following properties for 
each set of parallel faces of the cube: 


1. There is a column of air space extending 
from face to face of length 1 and area a?. 


2. There is a column of solid material ex- 
tending from face to face of length 1 and 
area (1—a)?. 


3. There are two columns between the cube 
faces consisting of solid material in series 
with air space. The area of each column is 
a(1—a) with a solid length of (1—a) in 
series with an air space of length a. 


The conductivity of this composite 
figure between two faces consists of the 


summation of the parallel conductivities 
of each of the above four columns. 


k=k (air)+k (solid) +2kX& 
(air space in series with solid) (1) 
This assumes that the soil is dry, so that 
the pore space is occupied entirely by air. 
The per-unit conductivities of the ma- 
terial are taken as follows: 
| 
air =kg 
solid =ks 
The composite conductivity from face 
to face is then: 


(1—a)? 
1 


a2 
k=ka sous is 


3 a (1—a) 


ka(a)(l—a) ks(a)(1—a) 


or 


kskq(2a—2a*) 


iaehieay. oe 


k=kqa?+ks(1—a)?+ 
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If the soil is completely saturated, so 
that the pore space is occupied entirely by 
water, then, assuming that the unit con- 
ductivity of water is k,», the composite 
conductivity becomes: 


yp RsRw( 2a — 2a?) 
a A eae 


k=kya?+ks(1 (3) 

For the intermediate case, in which 
both water and air are present, it is as- 
sumed that the water lies in a uniform 
layer of thickness } on the six surfaces of 
the solid which are inside the cube. This 
is illustrated in Figure 1(C). In this case, 
the conductivity is: 


k=kq(a—b)?+ks(1—a@)? + Rb? + 
1 
s a—b 1—a+b + 


ka(b)(a—b)  kw(b)(a—d) 


1 
a—b b 
aCe a 2S eee 
l—a 
ks(a—b)(1—a) 


2 


2 a l-—ea (4) 


kw(b)(1—a)  ks(b)(1—a) 


Unfortunately, these equations do not 
hold for very porous soil or for dry or 
nearly dry soil. The actual conductivity 
in these. cases is lower than indicated by 
the formulas, since they do not account 
for the point contact between the angular 
soil particles. Under higher moisture 
content conditions, this point contact be- 
tween soil particles is enlarged by the 
sealing action of the soil moisture, in 
which case the above formulas hold quite 
well. However, the conditions under 
which the formulas do not apply are 
usually confined to artificial or laboratory 
cases, since soil in situ is generally well 
packed and fairly moist. 
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MAES 


A, |SOMETRIC VIEW 


6 SIDE VIEW 


Evaluation of Constants 


The density of packing of the solid ma 
terial in a soil is commonly indicated 
through the use of the term dry density, 
which is the density of the dry soil strue 
ture, This is, of course, less than the 
density of the solid material itself which, 
for ordinary soils, can be taken at 168 
pounds per cubie foot, 

For the usual clay-loam type soils en 
countered in the construction of under 
ground structures, the following thermal 
conductivity constants apply; 
ky = 0.0272 watt per degree 

centimeters (reference 1) 
kw =0,00585 watt per degree 

centimeters (relerence 2) 
ka @0,000238% watt per degree centigrade 

centimeters (reference 1) 


centigrade 


centigrade 


These constants may he substituted in 
equation 4, assuming values of a and b, 
Hach value of a and b determines the 


. 


Mad 
‘ 


h 


C. SIDE VIEW SHOWING 
MOISTURE LAYER 


Figure 1 (left). pi40 
Theoretical unit 
soil structure con- 0135 
taining solid 

monolith 
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Figure 2 (right). 

Thermal conduc- 

tivity of clay- 

loam soils by sera 
equation 4 


0095} 


proportion of solid and of liquid oceupy- 
ing the unit volume, which in turn cor- 
responds to the dry density and mois- 
ture content, A series of curves in terms 
of the latter parameters is shown in 
Figure 2 for clay-loam soils, 

It is sometimes of interest to study the 
characteristics of sand or cinders. Sand 
appears to have a higher conductivity 
than the solid material in clay-loam 
types, the component ky being in the order 
of 0,0350 watts per degree centigrade 
centimeters, This checks with the con- 
ductivity value given by Hudson? for 
inarble, Cinders, on the other hand, ap- 
pear to have a lower conductivity than 
the clay-loam solid material, being in the 
order of 0,0150 watts per degree centi- 
grade centimeters, 

In applying equation 4 to sand or 
cinders, the density value of 168 pounds 
per cubic foot may be used for the solid 
material in sand, but it is not applicable 
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to the solid material in cinders. 
sity value of 125 pounds per cubic foot 
should be used in the latter case. 


Laboratory Tests 


Thermal conductivity tests were made 
in the laboratory on a number of soil 
samples using the method of Shannon and 
Wells.* According to this method, a soil 
sample packed in a cylinder with a 2-to-1 
ratio of height to diameter is chilled sud- 
denly from room temperature by immer- 
sion in a bath of ice water. The re- 
sulting curve of temperature decrease 
with time at the center of the cylinder 
indicates the thermal diffusivity of the 
soil, or ratio of thermal conductivity to 
thermal capacity. The thermal capacity 
is the heat storage of a unit volume for a 
|-degree rise in temperature. This value 
is easily calculated from their weights of 
materials present and the values of 


Table |. Thermal Conductivity of Clay-Loam Soils, Philadelphia Electric Company Tests 


Description 


Location of Soil 


Sphere 
Sphere 
Sphere 


1 (Allegheny Ave), ..., 
2 (Winter Street), ,, 
3 (Winter Street),,,, 


Delaware Statlon,ccccceeecenr ree 
Oxford Cirele, . Clay loam 


Holmesburg Substation, ...., 


. Clay loam 


Luverne Street and Rising, 
Sun Avenue 
livle Avenue & 20th St, 
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. Yellow elay loam 
.. Miecaeeous loam 
Micaceous loam 


., Coarse sandy loam 


.Mieneeous loam 


., Micaceous loam 
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Moisture Calculated Conductivity 
Dry Content Measured Conductivity Ratio 
Density (Per Cent of Conductivity (by Eq. 4) (Calculated 
(Lba/Ft!) Dry Weight) (Watts/C Cm) (Watts/C Cm) to Measured) 
ate aie tan QB Di cvienr ses tase Ma Cer rcne ss sevie pOOOGTB%.< ac vacates creters Qe COSMO seis. itieatnnntnnneS 
iia eit tat OT Gir ne vas be Aaa poe dp gal CLO: Semen ninEne sO, OLLO ee 
iio nia BD: Ai sieasna-oa'es ty edd du dtr ain a a ee . 0, 00907, ... ... .teieeie iene 
be HALA raeccprerorrrn ee Sh cSe. antaee caeaee QOLOS tie eacarnats OL0LOT st tae 0.99 
Thin sg Ost LOA Gl watidtials utets Lam eee 0,0170 0.0121 0.71 
' 0 
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he) 
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Thermal Conductivity of Moist Soil 


AIEE TRANSACTIONS 


A den- 


Table Il. 


Thermal Conductivity of Clay-Loam Soils—Other Investigators’ Tests 


— 


Moisture Calculated Conductivity 
Content Measured Conductivity Conductivity Ratio 
Name of Description or Density, (Per Cent of Investigators’ (by Eq. 4) (Calculated 
Investigator Location of Soil Lbs/Ft® Dry Weight) Units (Watts/C Cm) (Watts/C Cm) to Measured) 
Miles S. Kersten......... Fairbanks silt loam....100.9 seen OrON beh 6.57 are = rath O:00948-55... 005, Os0L05ean tenn teil 
r 
(4 (dry) 
Miles S. Kersten”.........Fairbanks silt loam.... 94.4 ws. eae 1G Geeeas 6.66 ae = ees OrOOdeTH ss bes. OVOIGOT 2 dee 1.04 
(dry) a 
Miles S, Kersten!,........ Healy clay CECI EL Meese so: TOM ier tat 8.28 ae yr ss (KN eines, Ca COLO S Set kae 0.88 
(dry) rE 
Miles S, Kersten,........ Healy clay 108-2 Oe ee i a a 11.30 mae = ar OLOLegs eee noes ORCI ACen 0.82 
(dry) 5 
4 
MAO Gmith?........6.5.: Barnes loam 1.74 gm/em3 ........ D6 (D8 we Cg ga OLOOsa tien 0.0105 1.95 
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specific heat which preferably are meas- 
ured, but which may be assumed. For 
the tests made by the author, the specific 
heats have been assumed as follows: 


Water—1.0 
Solid matter—0.2 


Thermal conductivity is then easily 
obtained, since it is equal to the product 
of thermal diffusivity and thermal capac- 
ity. 

Table I indicates that the laboratory 
tests check equation 4 with a reasonable 
degree of accuracy in virtually all cases. 
Data which was gathered by other in- 
vestigators was then introduced into 
equation 4. Table II gives a comparison 
of published conductivity test results 
against the conductivity indicated by the 
application of equation 4. This table 
indicates that the calculated values check 


other investigators’ data with a satis- 
factory degree of accuracy in most cases. 

Table III compares calculated sand 
conductivities with measured conduc- 
tivities by the author and other investi- 
gators. Table IV gives samples of the 
author’s work with cinders. 


Field Tests 


Tests were made in the field through 
the use of a sphere, 8 inches in diameter, 
as shown in Figure 3, buried to a depth of 
4 feet. A constant heat input was placed 
within this sphere and the resulting tem- 
perature rise measured. A simple cal- 
culation based on the geometry of the in- 
stallation gives the unit thermal conduc- 
tivity directly. The proper equation is 
given by Neher’s® equation 4, which can 
be written: 

| 


| 
Table Ill. Thermal Conductivity of Sand 


(5) 


where 


AT =temperature rise in degrees centigrade 

Qs=heat dissipation in watts 

d=sphere radius in centimeters 

d'=twice the buried depth in centimeters 

k=soil thermal conductivity in watts per 
degree centigrade centimeters 


In the attempt to duplicate conditions 
as frequently met under high loading on 
electric cable conduit and pipe lines, 
sufficient heat input was employed to 
maintain the sphere surface temperature 
between 50 and 55 degrees centigrade. 

Spheres number 1 and number 2 were 
placed under unpaved, open ground and 
gave results as shown in Figures 4 and 5. 
These indicated sustained conductivities 
of 0.016 and 0.011 respectively, subject 


— 


Moisture Calculated Conductivity 
Dry Content Measured Conductivity Conductivity Ratio 
Description or Density (Per Cent of Investigators’ (by Eq. 4) (Calculated 
Name of Investigator Location of Soil (Lbs/Ft’) Dry Weight) Units (Watts/C Cm) (Watts/C Cm) to Measured) 
Philadelphia Electric Co...... Thompson and Lewis Sts....... LOS AO navcckanters Siaiveietterais 0.0131 Watts/C Cm...... OOS nice. DOS OUS Seer cucu « 1.02 
HOS. inion US Ars cre me 0.0160 Watts/C Cm...... OROLGC ON eine eee QHOUA Bi crersec stveras 0.91 
MOBO erie wteeias 1 DBRS cnca 0.0183 Watts/C Cm...... OLOUSS dais. scien ORGUG Reo ie aces 0.87 
Shannon and Wells3.......... POMC Sas so aiciaie cs catanels, pane LOL Os riay eves en ZOD trata ate 1.00 aa Sistas OLOLZSiS, Sains. OMOEGR Tae wren 0.91 
a) r 
Btu 
OG Si ites nets GRASS ticceels 1. 0255 res ON OUT Frpmctivetee OBONEC Kt ver 0 0.92 
OG ‘ Ft Hr F 
Shannon and Wells3.......... Bangor sand and gravel........ UPA Ar Beit STS RD Fern aeeeria 1.13 aoe A et tcici QuOUOG verre 4 QuOZO2 er iby caine nate 1,03 
rE 
Btu in ' 
Hooper and Lepper’......... Sai ay arnstatays abate tcicnateteus (ara eOrismercs BOOM Ors xcceanchens's ese aaielsinhe 11.0 ——— ....... OPOLS O's 5 h0.5 scree QROVZS airsiser-o cues 0.81 
Ft? Hr F 
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Table IV. Thermal Conductivity of Cinders—Philadelphia Electric Company Tests 


— 


Sa 


a 
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Moisture Calculated Conductivity 
Dry Content Measured Conductivity Ratio 

Density (Per Cent of Conductivity (by Eq. 4) (Calculated 

Location (Lbs/ft*) Dry Weight) (Watts/C Cm) (Watts/C Cm) to Measured) 
Schuylkill Station.......... 6220 ecm 30) oiemteistetns s OLOOGOO ire acre: OL0081G cree eater 1.03 
TDi Oia cise NCS cro ceaenomTe 00063005 oi 2 iso QLO0CS86isecstanmaiae 1.09 
Oregon Avenue...........- 629) ae rereee IRS Sa oopano ONO0467 sericea ORC URED Se cic eone 1.14 
G2: Os cesaera BY RY Com oetia init) QHOOTS4 sree ities OF00603 eae 0.89 
Natrona Street............ OVE4 eres OSES raeatocm en OO0S06 . oso s28 ares OLO00836% i mcctoancters 1.04 


only to slight variation due either to 
changes in soil moisture or to experi- 
mental error. These compare with cal- 
culated conductivities of 0.015 and 0.010, 
based on the dry density and moisture 
content found at the time of the installa- 
tion of the spheres. 

Sphere number 3 on Wister Street is an 
example of a sphere placed under paving. 
Based on the dry density and moisture 
content of the soil found on excavation, 
the calculated conductivity was 0.0095. 
As may be seen in the plot in Figure 5 re- 
sulting from two years of observation, the 
initial conductivity checked this very 
well, being on the order of 0.0099. After a 
few months of operation, however, the 
thermal conductivity decreased from 
time to time to approximately 0.0078 and 
remained near this figure. Superimposed 
on this trend was a considerable month to 
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month variation, presumably caused by 
seasonal changes in the amount of ground 
moisture present. 


Moisture Migration 


There has been much awareness of the 
existence of moisture migration away 
from a hot buried structure, Little has 
been done, however, in the way of evalu- 
ating the specific effects under various 
conditions. The phenomenon was dis- 
cussed in reference 4 and certain labora- 
tory data were presented. Reference 5 
applied the available data to problems of 
buried structures in the attempt to 
evaluate the effects. The above sphere 
tests provided an excellent opportunity 
to observe the migration phenomenon in 
the field under the dynamic conditions of 
evaporation, vapor transfer, and moisture 
replenishment from rainfall. 

It was predicted in reference 4 that 
little, if any, migration would be ob- 
served under conditions of either fairly 
high or fairly low moisture content. This 
was apparently the case for spheres 
number 1 and 2, since no migration was 
observed. In the case of sphere number 3, 
however, there was a definite long time 
decrease in conductivity. The fact that 
the migration did not take place as 
quickly as predicted in reference 4 may be 
due to either of two possibilities: (1). 
The critical moisture content was not 
present at the start of the experiment, or 
(2). A long time vapor transfer effect 
may have been present. The latter con- 
dition was not observed in short time 
laboratory experiments. 


Figure 3 (right). Cast bronze 
sphere used to determine earth 


Whatever the explanation, it is inter- 
esting to observe the magnitude of migra- 
tion actually observed under paving 
against the magnitude which would have 
been predicted by previous theory. 
Neher® presents his equation 41 for the 
temperature rise of a sphere with mois- 
ture migration. As shown in Appendix I, 
this equation can be used to state the re- 
lationship of the initial conductivity and 
the conductivity apparent after migra- 
tion has taken place. For sphere number 
3 at Wister, the experimental data in- 
dicates the relationship : 


hap =ki(0.79) (6) 


Solving Neher’s equation 41 in this case 
gives B=140, and Ky=0.001. Ky is the 
basic constant for the conductivity change 
due to migration. According to Neher’s 
theory, this constant may be used to de- 
termine the migration effect with any 
geometry, whether with a spherical body 
or a cylindrical one. Neher had assumed 
a maximum Ky, of 0.002, which is twice 
the value actually found under the Wister 
Street paving. 

In a previous paper‘ the author de- 
scribed an experience with a so-called 
“runaway” sphere, in which the migra- 
tion phenomenon occurred very quickly, 
as observed by a recorder. These data 
have been analyzed for Ky, which was 
found to be about 30 per cent lower than 
observed for sphere number 3. 


Predetermination of Natural 
Moisture Content 


In construction work in the field, it is 
often desirable to have a foreknowledge 
of probable thermal conductivity. This 
may be done by means of equation 4 if the 
dry density and natural moisture content 
are known. The dry density is easily 


measured by excavating, drying, and 
weighing a known volume of the soil in its 
natural packed state. 

The natural moisture content of the 
soil, on the other hand, is not so easily 
obtained. A test of moisture content can 
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Figure 4 (left), Thermal con- 
ductivity of sphere number 1 
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Figure 5. Thermal conductivity of sphere numbers 2 and 3 


be made from a field sample, but it is well 
known that the moisture will vary con- 
siderably over the seasons at a given 
location. What an investigator usually 
desires to know is the minimum moisture 
content to which the soil is likely to drain 
inadry season. For soil not immediately 
at the surface, this seems to be a fairly 
predictable figure, for a guide has been 
developed through the use of the tension 
table of Leamer and Shaw.® In this table, 
shown in Figure 6, a sample of water 
saturated soil is placed under the suction 
power of a 60-centimeter column of water. 
The soil is kept under this suction pres- 
sure until the moisture content has been 
reduced to a stable level. The resulting 
moisture content is largely capillary 
water, or water which does not normally 
take part in gravitational percolation. 
It is the minimum moisture which will, 
therefore, normally be available for 
thermal conduction unless taken away by 
plant root action or by movement under 
local thermal gradients. 

The tension table, therefore, is an ex- 
cellent tool to predetermine the minimum 
moisture holding property of a soil. The 
soil at Wister Street was at a high and 
well drained elevation, so that the mini- 
mum value would presumably be present. 
The actual values obtained are given in 
Table V. The average tension table 
moisture content was about 20.1 per cent. 
Under the grass plot in an undisturbed 
state, the soil was found to have a mois- 
ture content of 18.8 per cent. The ratio 
of field to laboratory observations was, 
therefore, 0.93, which is rather close, con- 
sidering the difficulty of reproducing ex- 
actly the dry density in the laboratory. 

It should be noted that the moisture 
content under the paving was found to be 
lower than under the grass plot, presum- 
ably due to the greater unavailability of 
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rain water. The particular location of 
sphere number 3 was under the paving 
in the middle of a large, 6-point street 
intersection, and was approximately 75 
feet from the nearest large plot of un- 
paved ground. It may be that the 60- 
centimeter height, which has been used 
by the United States Forest Service as 
being generally correct, is applicable only 
to unpaved areas, and that some height 
greater than 60 centimeters should be 
used in tests for soils under paving. 


Collecting Field Data 


In cases where it is desired to make 
more elaborate checks of thermal conduc- 
tivity, or to measure conductivity through 
the seasons, it is possible to make a per- 
manent installation of a buried sphere 
similar to the ones mentioned in this 
paper. Care must be taken to keep the 
temperature rise of a sphere relatively 
low, however, since the theory indicates 
that small diameter spheres have a tend- 
ency to produce more moisture migration 
than the buried cylinders to which the 
data will most likely be applied. A rep- 
resentative limit would be a 25-degree 
centigrade rise, 


Table V. Tension Table Tests on Soil at 
Wister Street 


Sphere Sphere 
#2 #3 
(Under (Under 


Grass Plot) Paving) 


As Found 
Dry density (Lbs/Ft’)........ tte RA IOG cee 
Moisture Content (Per 
Gent) muir mena eie ssi LS Siiseavyers 15.9 
Tension Table Test 
Dry density (Lbs/Ft*)....... Soe Divi es 84.8 
Moisture Content (Per 
Bento teaay: cer cage hinieie eevee 2ON Za raat ae 20.0 
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Figure 6. Tension table of Leamer and Shaw® 


An instrument which shows promise 
and which seems to have less of a tendency 
to produce moisture migration is the one 
recently presented by Hooper and Lep- 
per,? which observes the transient tem- 
perature rise of suddenly applied con- 
stant heat flow from a line source. 


Application 


This paper presents four tools for de- 
termining the effective thermal conduc- 
tivity of the earth. The results may be 
applied to thermal calculations for buried 
structures while these structures are 
still under construction, or contemplated. 
The four tools and the test methods re- 
quired for the necessary data on the par- 
ticular soil involved are given in Table 
VI. 

A sample problem on the application of 


Table VI 


Data Obtained By 


Tool 


. Excavating, drying, and 
weighing a sample of 
known volume 

.Tension table test on 


Dry density of the soil.. 
in situ 


Predetermination of... 


minimum soil mois- 
ture content 


Determination of initial. . 


soil thermal conduc~- 
tivity 


Determination of mois-... 


ture migration 


soil sample packed to 
field density 


.Calculation by equation 


4 or reference to Fig- 
ure 2 using the dry 
density and the ten- 
sion table moisture 
content 

No apparatus for field 
data at present. One 
method is to use 
Neher’s' equation 37 
for buried cylinders, 
with Km _ between 
0.002 proposed by 
Neher and _ 0.001 
measured under pav- 
ing 
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the above methods to a 6-inch buried 
pipe line for cables dissipating an average 
of 25 watts per foot is given in Appendix 
II. The density and moisture contents 
assumed in this calculation are based on 
the typical values found in Philadelphia 
for clay-loam soils, as given in Table 
VII. In this example, the initial thermal 
conductivity of the soil is calculated to be 
0.0126, with a migration effect of about 
3 per cent, giving an apparent thermal 
conductivity of 0.0122, or an apparent 
thermal resistivity of 82 degrees centi- 
grade centimeters per watt. 


Conclusions 


1. The thermal conductivity of a soil may 
be calculated with a reasonable degree of 
accuracy for most purposes with only the 
dry density and moisture content known. 


2. The minimum probable moisture con- 
tent of a soil in situ may be obtained in the 
laboratory through the use of a tension 
table with a 60-centimeter water column for 
soils not under paving. For soils under 
paving, a higher column may be necessary. 


3. The moisture migration calculation 
method proposed by Neher® on somewhat 
meager data appears to have been sus- 
tained by field tests. Neher, however, 
proposed the use of a constant, Ky, of 
0.002. The highest value found in the field 
by this investigation was 0.001. It may be 
that the value of 0.002 is too high for prac- 
tical use. 


4. The basic theory of thermal conduc- 
tivity of soils indicates that it may be of 
value to replace the water and air volume 
in a soil with some insoluble chemical of 
good thermal conductivity. Soil might be 
impregnated with this chemical as a liquid, 
which would solidify and thereby not be 
subject to drainage or thermal migration. 


Appendix |. Calculation of 
Moisture Migration After Neher® 


Sphere temperature rise without moisture 
migration 


EN ee 
ras 5) (7) 


where k; is the conductivity of undisturbed 
soil. ‘Sphere temperature rise with mois- 
ture migration 


Qs |i il YM i 
AT= — = 
Al i)+a(4 ran 


so (Rene 
ana ae )t- | ©) 


where 
OsKuy 
Breas (9) 


and Ky=migration constant. The appar- 
ent soil conductivity after migration is 
therefore: 
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Table VII. Typical Values of Dry Density 
and Moisture Content of Clay-Loam Soils as 
Found in the Field 


Moisture 
Dry Content 
Density (Per Cent of 
Location (Lb/Ft?) Dry Weight) 
(A) Under Paving 
Wister Street........ BO Bananite 15.9 
(B) Open Ground 
Wister Street........ SSaG airseierrere 18.8 
Allegheny Ave....... PRB EOLA LE 
Whitemarsh......... LOB. Gita g, 7. ek Od 
Plymouth Meeting...100.7........ 26.3 
Richmond Station. ..102.0........ 27.1 
Rap a ki x 


1 *) 

G-z 
1 \ a8 A eae ‘) 
(-5)+G- a) Blea 


(10) 
In the case of sphere number 3 at Wister: 
0.78 
[ey e|( ——— | heya (Oar ll 
ap (22) i(0.79) (11) 


and d= 10.2 centimeters 
d' =244 centimeters 


Solving equation 10 for B gives 
B=140 approximately 


Solving for Ky in equation 9 where Qs; =37 
watts (approximately) and k;=0.0099 gives 
Ku =0.0011. 


Appendix Il. Sample Problem 


Assume a 6-inch cable pipe line is to be 
buried 36 inches deep, dissipating 25 watts 
per foot average. 

It is desired to determine the effective 
thermal resistivity of the earth (or conduc- 


tivity). The following field data is ob- 
tained: 
Dry density: 100 pounds per cubic foot 


Tension Table Moisture Content: 
cent of dry weight 
Ky: 0.001 (assume) 
The initial conductivity is obtained from 
Figure 2 which, for the above values of dry 
density and moisture content, indicates: 


20 per 


k; =0.0126 watts per degree centigrade centi- 
meters 


or in terms of thermal resistivity: 


pi=79.4 degrees centigrade centimeters per 
watt 


Applying Neher’s equation 1 for the case 
without moisture migration: 


Qcpi a’ 
Alp = = = 
5 2Qr a d 
2p (79.4 
M2254) Ve 


1 TM 
2Qr ee ou 
ATp=10.35 log « 24=10.35(3.18)=32.9 


2 
A =e pi? OcKm (Neher’s equation 36) 
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ie 
A= 2 (79,42)(0.82)(0.001) =3.29 
Tv 


From Neher’s equation 37: 


AL =)| 
16a di? 


=10.35 gj oem Loe + ’ 
pate : 4(2.54)\3 72 


3.29 j/(siaaan | 
16(2.54?) 3? 722 
ATp =10.35[3.18+0.10+0.01] 
=10.35[3.29] =34.0 


34.0 
Pap =79.4 X (#2) =82 degrees centigrade 


centimeters per watt 
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Discussion 
Miles S. Kersten (University of Minnesota, 


Minneapolis, Minn.): As pointed out by 
Mr. Mickley, a knowledge of the thermal 
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conductivity of soils is useful in many types 
of engineering problems. A recent study 
at the University of Minnesota! for the 
Corps of Engineers was for the purpose of 
obtaining constants to be used in design of 
structures in regions of permafrost. Calcu- 
lations of depth and rate of frost and thaw 
penetration below field structures (pave- 
ments and buildings) with these constants 
have shown the test values to be reasonably 
accurate. It is of much interest and value 
to find that a theoretical equation has been 
developed which checks, at least in a sub- 
stantial range of soil conditions, actual 
thermal conductivity determinations of 
numerous investigators. In this discussion 
a further comparison is made between the 
theoretical equation of Mr. Mickley and 
some of the Minnesota results, and some 
possible limitations of the theoretical equa- 
tion are pointed out. 

The Minnesota tests included about a 
1,000 laboratory determinations of the 
thermal conductivity of 19 different soils at 
a variety of moisture content and density 
conditions. On the basis of these tests a 
series of empirical curves for the deter- 
mination of the thermal conductivity on the 
basis of soil texture, density, and moisture 
content were evolved. In setting up these 
curves it was found necessary to separate 
the fine-grained soils, such as silts and clays, 
from the sand type soils, since at a given 
moisture content and density, sandy or 
coarse-textured soils had definitely higher 
conductivities than fine-textured soils. This 
difference would not be taken into account 
by the theoretical expression given in the 
paper, although it can be handled by the 
use of a higher value of ks for the sandy soils, 
as has been done by Mr. Mickley. It would 
appear that conductivity is dependent not 
only upon the volume of solid material in a 
given unit volume, but also upon the num- 
ber of grain-to-grain crossings which must 
be made during a traverse through the unit 


1951, VoLumMe 70 


Ss 
10 15 20 25 


MOISTURE GONTENT, PER CENT 


cube. In the fine-textured soils, the num- 
ber of such crossings is greater than in a 
coarse-textured soil, and consequently the 
conductivity is less. 

The equations as given, particularly 
equation 4, are in a very cumbersome form 
to solve, particularly if the soils information 
is in the usual terms of density in pounds 
per cubic foot and moisture content in per 
cent of the dry weight. Presentation in a 
curve such as Figure 2 of the paper is the 
best form for practical use. 

Figures 1 and 2 of this discussion represent 
the curves developed from Minnesota tests 
for prediction of thermal conductivity. In 
these curves k is the thermal conductivity 
expressed in British thermal units (Btu) per 
hour per square foot per unit thermal gra- 
dient in degrees Fahrenheit per inch. Such 
values should be multiplied by 0.00144 to 
change to watts per square centimeter per 
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unit thermal gradient in degrees centigrade 
per centimeter. It will be noted that the 
values of k on Figure 2 of this discussion, 
for sandy soils, are greater than those of 
Figure 1 (this discussion) which is for silt 
and clay soils. The equations for these 
curves are: Figure 1 


k=[0.9 log (moisture content) —0.2] 109-914 
Figure 2 
k=[(0.7 log (moisture content )—0.4] 109-14 


with k in units as previously noted, the 
moisture content a per cent of the dry 
weight, with d the dry soil density in pounds 
per cubic foot. 

Figure 3 of this discussion is a reproduc- 
tion of Mr. Mickley’s Figure 2 with the 
superimposed curves from the Minnesota 
data as calculated from Figure 1. Although 
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retical values from Figure 2 of the paper; 


the Minnesota curves give somewhat higher 
values, the similarity of form and general 
agreement is considered quite remarkable, 
since Mr. Mickley’s are based on theoretical 
considerations and the Minnesota curves 
are entirely empirical and based on test 
values. 

In certain field work done in areas of 
permafrost, the conductivity of saturated 
soils is important. It is of interest, there- 
fore, to compare the theoretical expression 
for such soils (equation 3 of paper) with the 
empirical results of Minnesota tests. Figure 
4 of this discussion is presented for this 
comparison. Two theoretical curves are 
plotted—one for fine-textured soils using 
k;=0.0272 watt per square centimeter per 
unit thermal gradient in degrees centigrade 
per centimeter, and one for sand using 
k;=0.035 watt per square centimeter per 
unit thermal gradient in degrees centigrade 
per centimeter. 

The sand curve is shown for a higher range 
of densities since such soils may exist in 
such a condition. The curves from the 
Minnesota report also are shown for the 
two classes of soils. It will be noted that 
the theoretical and Minnesota curves com- 
pare very well for the fine-textured soil, but 
that for sands, the Minnesota curve is about 
25 per cent higher. Table III of the paper 
indicates that, for most tests, theoretical 
values by the equation are less than actual 
test results. Most sands have a high quartz 
content and the thermal conductivity of 
quartz is higher than that of most other soil 
constituents, being of a magnitude of about 
0.070 watt per square centimeter per unit 
thermal gradient in degrees centigrade per 
centimeter or greater. Perhaps some recon- 
sideration might be given to the ks value to 
be used in the theoretical expression when 
applied to sands. 


REFERENCE 


1, See reference 8 of the paper. 
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Minnesota values from 
Figure 1 of this discussion 


William Parkerson (Middle West Service 
Company, Chicago, Ill.): The author and 
his associate, J H. Neher, are to be con- 
gratulated for their straightforward treat- 
ment of the subject in hand. It is believed 
that this is the first successful attempt to 
predict, by mathematical means, the ther- 
mal conductivity of soil at an intermediate 
stage between bone dry and saturated. It 
is further believed that there has not pre- 
viously appeared a mathematical evalua- 
tion of moisture migration. 

It is a fact, as can be demonstrated 
mathematically, that W. O. Smith in his 
several papers, which have appeared in 
“Soil Science,’ had in mind a soil whose 
particle arrangement was not identical in 
the horizontal and vertical directions. 
Nevertheless, it is interesting to note that 
Mickely’s theory and Smith’s theory! pro- 
duce results not far apart for saturated soil, 
as shown by Figure 5 of this discussion, 
Using Smith’s maximum value of S, the 
uppermost of the solid lines on Figure 5 was 
derived. Using Smith’s minimum value of 
S, the solid line, third from the top, was 
derived to express relationship between dry 
apparent density and the conductivity of 
saturated soil. The dotted curve drawn on 
Figure 5 was derived from the equations in 
Mickley’s paper. At 100 pounds per cubic 
foot dry apparent density, the range is from 
the Mickley value of 0.89 to the maximum 
Smith value of 1.02—-only 6.8 per cent varia- 
tion from the mean. 

Now if Mickley’s Figure 1(A) be com- 
pared with Figure 6 of this discussion an 
interesting fact may be developed. Figure 6 
is really Smith’s configuration made sym- 
metrical in both the horizontal and vertical 
directions. Table I of this discussion ex- 
hibits comparative thermal characteristics 
of these two soil arrangements for a satt- 
rated soil whose dry apparent density is 84 
pounds per cubic foot, assuming the density 
of solid soil particles to be 168 pounds per 
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soils 


cubic foot. It will be noticed that ks in the 
last line of the table does not agree exactly 
with Mickley’s value 0.0272 watt per de- 
gree centigrade centimeter whose equiva- 
lent would be 1.57 Btu per foot per hour 
per degrees Fahrenheit. However, for com- 
parative purposes, it was necessary to use 
the same value of ks in computing the re- 
sultant thermal characteristics for Figure 
1(A), as had been used for calculating those 
for Figure 5 of this discussion. Now when 
the determined resultant value of ks namely, 
0.7003 is plotted on Figure 5 of this dis- 
cussion (as indicated by the cross mark), 
it becomes evident that though the struc- 
tural arrangement of Figure 6 is as sym- 
metrical as, perhaps even more so than that 
of Figure 1(A), the conductivity values do 
not agree any more closely than do Mickley’s 
and those which result from Smith’s theory. 


Figure 5. Thermal characteristics of saturated 
soil for maximum, minimum, and weighted 
average value of soil factor (S) 
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Figure 6. Idealized soil structure 


That is to say, the cross mark is no closer to 
the dotted curve, than the dotted curve is to 
the solid curves. From this it would appear 
that the disagreement between Mickley’s 
and Smith’s theory is not only a function 
of the dissymmetry of Smith’s soil arrange- 
ments and the symmetry of Mickley’s, but 
is also a function of the imagined soil par- 
ticle arrangement itself, be it ever so sym- 
metrical. 

Perhaps a more faithful representation 
of soil particle arrangement might be a 
system of touching spheres, such as ball 
bearings in a can. But the mathematics 
involved in finding the thermal conductivity 
of such a configuration of thermal particles 
would be very difficult. 


REFERENCE 
1. See reference 1 of the paper. 


A. S. Mickley: The curves of conductivity 
furnished by Professor Kersten are based 
on the results of his numerous laboratory 
tests. Since these curves are entirely em- 
pirical, they can form an excellent check 


1951, Vo_tume 70 


against the basically theoretical curves 
presented in the paper. 

Professor Kersten has discussed the varia- 
tion of conductivity between fine grained 
and coarse grained soils. He mentions two 
possible reasons: (a) the difference in the 
number of grain to grain contacts, and 
(b) the higher quartz content of sand. He 
implies that both of these factors could be 
reflected in the value of ks employed. It is 
the author's intention, however, to use ks as 
the conductivity of the grain material itself, 
without allowance for grain contacts. This 
is based on the supposition that they do not 
form a significant part of the whole in de- 
termining total conductivity of a wet soil 
because of the sealing action of a very small 
amount of moisture at the point contacts. 
This assumption appears to be valid since 
the data checks for clay and silt soils with- 
out consideration of the number of contacts. 
The higher conductivity of sand is un- 
doubtedly due, however, to the greater 
content of quartz which is an excellent 
conductor. It is believed that this is the 
principal reason for the difference. The 
variation between the sand results of Pro- 
fessor Kersten and of the author may be 
caused by differences in the quartz content 
of the particular sands tested. A further 
refinement of the theoretical method would, 
of course, involve a definite classification 
system for sandy soils to be used in con- 
junction with the application of the theory. 

Parkerson’s analysis of the differences 
between the theory proposed by Smith in 
reference 1 and the theory proposed in this 
paper is most interesting. As Parkerson 
points out, it appears that Smith was par- 
ticularly interested in undisturbed soil, 
which, because of a particular particle ar- 
rangement, might have a difference in con- 
ductivity between the vertical and the 
horizontal directions. This paper is in- 
tended to deal with soil which has been dis- 
turbed in the course of construction so as to 
upset the particle arrangement of the virgin 
soil. With regard to the differences in the 
theoretical arrangements of the soil parti- 
cles, it may be seen from Parkerson’s 
Figure 6 that no soil particles are touching. 
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Table J, For Saturated Soil Whose Dry 
Apparent Density Is 84 Pounds Per Cubic Foot 
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Figure 1(A) Figure 6 
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This extension of Smith’s arrangement is 
quite in contrast to the author’s Figure 
1(A), in which there is an unbroken column 
of solid material in any direction. As a 
matter of fact, neither arrangement ex- 
presses the actual situation completely. 
Smith’s is in error by the omission of the 
effect of direct contact between soil par- 
ticles. Smith recognized this fact in men- 
tioning that point contacts do exist between 
particles, but that this did not appear to be 
an important factor in the completely dry 
soils with which he was dealing. The 
author’s assumption is in error by virtue 
of the fact that there is only a so-called 
point contact, and not a general contact 
area as Figure 1(A) would imply. This 
limitation was recognized in the text, how- 
ever, by the statement that for fairly moist 
soil, these point contacts were considerably 
enlarged by water films and did not act as 
a significant limitation on heat flow for this 
condition. It would appear then that either 
theoretical figure is workable, each within 
its own limited sphere. As Parkerson indi- 
cates, a theoretical figure to cover all situa- 
tions would involve very complicated 
mathematics. 
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Introduction 


EW generating capacity required to 

keep pace with system load growth 
has been provided by utilities through the 
years by modernization of older existing 
stations as well as by the construction of 
new plants. Improvements in the design 
of component equipment have made 
possible replacement of older units with 
more efficient units of considerably 
greater capacity. To increase the gener- 
ator outlet capacity proportionately, the 
station designer has a choice of adding 
ducts, changing size, type and number of 
cables, or using metal-clad bus. Usually, 
economics will govern the final choice 
among conventional installation alterna- 
tives. There may be some cases, how- 
ever, where the cost of obtaining the re- 
quired outlet capacity appears to be dis- 
proportionate and where, as an expedient, 
the use of forced-air cooling may be justi- 
fied as a means of increasing capacity well 
beyond the self-cooled rating. 

In the modernization of older stations 
of the Consolidated Edison System, there 
have been a number of cases where in- 
creased generator outlet capacity has 
been obtained at relatively low cost by 
the installation of forced-ventilation sys- 
tems supplying sufficient cooling air 
through the cable ducts to absorb ap- 
preciably higher cable losses than could be 
dissipated by natural means. The in- 
stallations discussed in this paper, which 
are applied to single conductor cable 
circuits installed one per duct, are de- 
signed on a practical basis governed by 
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general thermal principles. No claim 
is made for refinement of basic thermal 
design. Such refinement, it is felt, is 
precluded by the nature of the problem. 


General Design and Application 


The elements of a forced-air system for 
cooling cables, as applied in the Consolli- 
dated Edison System stations, are shown 
in Figure 1. Cooling air is drawn from the 
outside through filters, or an air cleaner, 
by a blower which in turn discharges 
through suitable duct work into a header 
feeding individual ducts. The connec- 
tions from the header to the ducts in this 
case are made by means of flexible rubber 
hose terminating in sheet copper noz- 
zles, one form of which is shown in detail 
in Figure 1. Sealing compound is used to 
make the inlet end airtight. The duct air 
discharges freely at the exit end into the 
electrical galleries. 

The blower is generally a centrifugal- 
type direct connected to a constant speed 
induction motor. Air flow requirements 
vary from 100 to 250 cubic feet per 
minute (CFM) per duct, and blowers 
rated as high as 3,000 cfm have been in- 
stalled for banks of nine ducts. 

Cooling systems of this type have been 
applied, in recent years, on some 15 gen- 
erator units at various plants of the Con- 
solidated Edison System. In addition, a 
number of installations have been made 
on bus-tie circuits, station runs of tie 
feeders and various other circuits where it 
appeared that the cables were operating 
above their prescribed temperature limits. 
One installation has been applied recently 
to an underground run in a generating 
station yard where hot-spot conditions 
were found to prevail. 

These installations have been applied to 
circuits installed, generally, prior to 1940. 
With present-day changes in loading 
conditions, the self-cooled ratings of these 
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circuits no longer are adequate. Con- 
sideration was given, in specific cases, to 
rebuilding the duct systems, changing 
the number or type of cables, or the use of 
metal-clad bus. By far, the most econom- 
ical solution was to install forced-air 
cooling systems. 

Figure 2 shows an application, in a 
somewhat different form, as installed on a 
portion of the leads of generator number 4 
at Waterside number 2 Station. In this 
case the cooling air is fed into a sealed 
gallery compartment near the center of 
the duct run between the generator ter- 
minal chamber and the reactor compart- 
ment. Figures 3(A), (B), and (C) show 
the filtered air intake, inlet duct, blower 
and compartment inlet header. Other 
installations, while generally similar, are 
easily adapted to varying existing condi- 
tions. 

The effectiveness of the cooling system 
is indicated by the data of Table I, which 
shows a comparison of averaged cable 
sheath temperatures before and after ap- 
plication of forced air. The temperatures, 
observed by means of thermocouples at- 
tached to the lead sheath of the cables, are 
adjusted to full load on the generators 
and a 40-degree centigrade outdoor air 
ambient. 

Location number 1 was a hot-spot loca- 
tion with a high external ambient. With 
forced-air cooling, the effect of the local 
ambient is appreciably suppressed. 


Determination of Air Requirements 


To increase current carrying capacity 
above self-cooled limits, cooling air must 


Table I. Effectiveness of Forced-Air Cooling 
Installation 
Sheath 
Temperatures, 
°C 
° 1 
Without With 
Thermo- Forced Forced 
couple Location Air Air 
TC-1.,..10 ft. from gener- 
ator end......:.. TT . cee 50 
TC-2....10 ft. from discon- 
nect switch end....... 61. ceux 47 
TC-3....11/2 ft. from reactor 
fd... 0.5 nine CLs mat 49 


AIEE TRANSACTIONS 


$ 
; 


GENERATOR DUCT RUN- fi 


NOZZLES. \, 
(SEE DETAILS)’ GABLES \ 


ci 


OUTDOOR AIR 


ELEVATION OF TYPICAL 
INSTALLATION 


Figure 1. Elements of a forced-air cooling 


system 


be supplied to the cable system at a rate 
sufficient to absorb at least the excess heat 
loss over and above that dissipated by 
natural means. The design of the system 
involves, however, a combination of elec- 
trical, physical, and mechanical con- 
siderations such that close accuracy is 
neither realizable nor necessary. In view 
of the approximations required, it has 
been considered reasonable to design on 
the more conservative basis of absorbing 
the total heat loss dissipated at the de- 
sired current carrying capacity. 

The problem of heat transfer from a 
cable to moving air (and to the duct sys- 
tem) is discussed in further detail in Ap- 
pendix I. It is concluded in this Ap- 
pendix that the rate of air supply re- 
quired to absorb the total heat loss can 
usually be estimated with sufficient ac- 
curacy using the heat balance equation 
commonly used for determining cooling 
air requirements for enclosed generators! 
or for transformers,? namely: 


CPM=K,WL/(Te—Ti) (1) 


Cooling Air Temperature Limits 


The temperature of the air supplied to 
the duct system will be increased above 
source ambient by the compression rise in 
the blower. This rise may be appreciable 
in some cases but in many applications 
can be limited to the order of 5 degrees 
centigrade or less by proper design. 
Further discussion of the blower rise will 
be given under Duct Inlet Air Tempera- 
ture. 

Assuming a uniform duct bank am- 
bient, the temperature of the cooling air 
will rise progressively along the path of 
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flow and maximum duct air temperature 
will occur, for practical purposes, at the 
end of the run. The exit air temperature 
must be held below the maximum allow- 
able sheath temperature at least by an 
amount sufficient to provide the driving 
force (temperature differential) required 
for transferring the total cable heat loss to 
the air stream. The governing equation 
may be written: 


Teu=Te+W(Res+Rsa) degrees centigrade 
(2) 


or, for determination of maximum al- 
lowable exit air temperature, 


Te=Tcu— W(Res+Rsa) degrees centigrade 
(2A) 


The thermal resistance from copper to 
sheath, R,s, is determined by conven- 
tional means.* 

The determination of Rg, the thermal 


resistance between the cable sheath and 
longitudinally flowing air moving at 
velocities of 20 to 50 feet per second can 
be made with even less accuracy than for 
the case of cable in duct with still air.‘ 
In Appendix I, a formula for Ryg is de- 
veloped which takes the form, for air at an 
average temperature of 50 degrees centi- 
grade, of 


Rsqa=6.0(De/CFM) degrees centigrade 
per watt per foot (3) 


where 


De =(D2—D,?)/D, inches (3A) 


Using equation 8, the minimum tem- 
perature differential to be maintained be- 
tween cable sheath and the exit air has 
been found, in a number of cases to be of 
the order of 5 degrees centigrade. Conse- 
quently, the determination of the maxi- 
mum allowable exit air temperature, 7, 
generally is not seriously affected by lack 
of accuracy in determining Ryg. Using 
equations 38 and 2A, the values of 7, can 
be established for a range of air flow 
values and, by trial and error, using 
equation 1, the approximate air require- 
ments can be established for any given 
duct inlet air temperature. <A typical 
curve is shown in Figure 4(A). 


Duct Inlet Air Temperature 


The temperature rise in the blower is a 
function of the head it develops and hence 
of the air flow. The pressure required to 
move some hundred of cubic feet of air per 
minute through the restrictions of the 
piping and duct system may range up to 
20 inches of water, or more. 

The calculation of pressure drops in the 
piping and duct systems is discussed in 
Appendix II, treating these systems as a 
simple equivalent piping load on the 


Nomenclature 


Cy=specific heat at constant pressure, Btu 
per pound per degree Fahrenheit 

CFM =air flow, cubic feet per minute 

D=inside diameter, inches 

D,=cable outside diameter, inches 

D.,=duct inside diameter, inches 

D, =equivalent diameter, 4X net air flow 
area/heat transfer perimeter, inches 

G=mass velocity, pounds per hour per 
square foot of cross section 

Kq=a constant depending on the air den- 
sity, varying from about 1.88 at 40 
degrees centigrade to 2.11 at 80 de- 
grees centigrade. Can be taken as 
approximately 1.93 for an average 
duct air temperature of 50 degrees 
centigrade 

L=\length of cable run, feet 

Ap=pressure drop, inches of water 
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Raa=thermal resistance from air stream to 
duct inside wall, degrees centigrade 
per watt per foot 

Ry=thermal resistance from duct inside 
wall to duct bank external ambient, 
degrees centigrade per watt per foot 

Res=thermal resistance from conductor to 
cable sheath, degrees centigrade per 
watt per foot 

Rsqa=thermal resistance from cable sheath 
to air stream, degrees centigrade per 
watt per foot 

Ta=duct bank external ambient tempera- 
ture, degrees centigrade 

Tcu=conductor (copper) temperature, de- 
grees centigrade 


Te=duct exit air temperature, degrees 
centigrade 

Ti;=duct inlet air temperature, degrees 
centigrade 


V=average air velocity, feet per minute 
W=cable loss, watts per foot 
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blower. The temperature rise in the 
blower is a function mainly of the dif- 
ferential pressure across the blower and 
of the blower efficiency. A typical curve 
of blower rise versus differential pressure, 
based on test results of several installa- 
tions, is shown in Figure 4(B). 

The differential head of the blower can 
be related to CFM if the resistance of the 
proposed ventilating system is known 
(see Appendix II). A curve of blower 
temperature rise as a function of air flow, 
based on the data of Figure 4(B), is shown 
in Figure 4(C). Although the blower 
temperature rise will depend also on such 
blower design factors as internal losses and 
radiating surface, for practical purposes 
the blower rise can be taken to be propor- 
tional to the square of the air flow, for 
any given system. 


Operating Range 


By adding the maximum expected 
source ambient temperature to the blower 
rise scale of Figure 4(C), a curve of CFM 
air delivery at various blower output, or 
duct inlet air, temperatures is obtained. 
This is shown as the lower curve in Figure 
4(D). Superposed, as the upper curve in 
this figure, is shown the air requirement 
characteristic, reproduced from Figure 
4(A). The shaded area enclosed between 
the requirement characteristic and the 
delivery characteristic curves in Figure 
4(D) represents the safe operating range 
within which the temperature of the air 
supplied by the blower plus the rise along 
the duct bank produces an exit air tem- 
perature below the limit imposed by cop- 
per temperature requirements. 

Theoretically, the optimum operating 
point is the air flow corresponding to the 
maximum differential ordinate in the 
shaded area of Figure 4(D). 

Although the graphical procedure out- 
lined above provides the information re- 
quired for application, a more realistic 
understanding of the effect of varying the 
air flow is obtained by plotting calculated 
copper (or sheath) temperatures against 
CFM. A typical curve of copper tem- 
perature, corresponding to the data of 
Figures 4(A), (B), (C), (D), is shown in 
Figure 5. The optimum operating point, 
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producing minimum copper temperature, 
is seen to correspond to the above men- 
tioned maximum differential ordinate of 
Figure 4(D). The data for Figure 5 are 
obtained, for various CFM values, as 
follows: 


1. Inlet air 
4(D), curve A. 


2. Exit air temperature, 
obtained using equation 1. 


temperature, from Figure 


from J7.—T; 


3. Copper temperature, from equation 2; 
Rsais obtained employing equation 3. 


It will be noted that the curve is rela- 
tively flat over a considerable range of air 
flow which, fortunately, allows an ap- 
preciable margin for error. 


Effect of High Duct Bank Ambient 


The rise calculated using a simple for- 
mula of the form of equation 1 neglects 
heat transfer across the duct bank struc- 
ture. The transfer may vary in direction, 
depending on relative air temperatures in- 
side and outside the duct bank, and the 
magnitude will be dependent also on the 
thermal resistance of the duct structure. 
A more accurate solution of the heat 
balance along a duct run may be justified 
where high duct bank ambients are prev- 
alent. 


Table Il. Effect of Duct Bank Ambient on Exit Air Temperature 


e = 


Conditions 


Calculated Exit Air Temperature, °C 
Using Equation 4 


Duct Bank Inlet Air 
: Ro, Duct Bank Th 
Ambient, Temperature, Flow, Using Per Duct Per Tice Rae : 
(o °C CFM Equation 1 ZS 5.0 7.5 
CE PEROT OREO Dang 0 ADTs ct srvoxre’s 100 64.3 58.5 
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Figure 2. Forced-air cooling system as 
applied on generator number 4, Waterside 
Number 2 Station 


Boiler room ambients may, in the sum- 
mer, reach 60 degrees centigrade, or even 
higher at hot spot points. At the cooling 
air inlet end, with an ambient of 60 de- 
grees centigrade surrounding the duct 
structure and with an air temperature 
somewhat above 40 degrees centigrade in- 
side the ducts, there will be heat transfer 
inward through the duct structure. The 
amount of such heat transfer will gradu- 
ally decrease along the duct run and will 
reverse in direction beyond the point 
where the air temperature inside the duct 
begins to exceed 60 degrees centigrade. 

A formula for the calculation of the 
temperature rise along the duct structure, 
which takes into account heat transfer 
across the duct structure, is developed in 
Appendix III. A differential equation set 
up for the heat balance at any point in the 
duct run leads to a solution in the form 


Te—Ti=(Ta— Tit W.Ro(1-€ 7”) 
degrees centigrade (4) 


where P has the value 1.93/(CFM.R»). 

The determination of R,, the thermal 
resistance from the air stream through 
the duct structure to external ambient, is 
outside the scope of this paper. An ap- 
proach to the calculation of the com- 
ponent of Ry due to the duct structure is 
presented in an AIEE paper by J. H. 
Neher.’ As used here, R, includes a 
“film résistance’ from theair stream to 
inside duct wall based on equations 7(A) 
and 8 of Appendix I. 

For average ambient conditions of the 
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Forced-air cooling system installed 
on generator number 4, Waterside Station 


Number 2 


Figure 3. 


A) Air supply intake, filter and duct 

(B) Inlet duct and blower 

(©) Blower discharge duct and plenum cham- 
ber 


order of 40-50 degrees centigrade, with 
duct structures of high thermal resistance 
such as are generally found to be respon- 
sible for “‘bottled”’ self-cooled ratings, use 
of equation 1 ordinarily does not produce 
serious error in determining air supply 
requirements, especially if the design is 
applied liberally to take care of inherent 
limitations. 

Some measure of the effect of duct bank 
ambient is indicated by the data of Table 
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II, which compares exit air temperatures, 
calculated for a specific case, using equa- 
tions 1 and 4. 

It will be noted that the use of equation 
1 results in exit air temperatures on the 
high side for the case of the lower duct 
ambient value, as compared with the re- 
sults using equation 4, whereas for the 
case of the higher duct ambient, the re- 
verse result is obtained. 

A number of cases studied with am- 
bients as high as 65 degrees centigrade 
indicated that in extreme cases the use of 
equation 1 resulted in underestimating 
air requirements by 10 to 35 per cent, 
which is within the range of the “‘over- 
design’’ usually applied. 


Mechanical Design Considerations 


Based on the characteristic shape of 
Figure 5, it has been the policy in our ap- 
plications to specify blowers producing 
flows appreciably in excess of the opti- 
mum values to compensate for gradual 
clogging of the ducts with dirt, variations 
in duct resistances, and errors in pressure 
loss calculations. 

Two general methods for introducing 
the air into the cable ducts have been 
used. One is the use of crescent-shaped 
nozzles (see detail of Figure 1) which fit 
in the space between the cable and the 
duct, the nozzles being connected to a 
header by means of flexible rubber hose. 
A second method is the use of a plenum 
chamber around the cables where they 
enter the duct bank, into which chamber 
the blower discharges. Either method is 
considered satisfactory, the choice be- 
tween them being based principally on 
constructional convenience, although the- 
oretically the nozzle design is better 
suited to the higher velocities. 

In some installations of forced cooling 
it is advantageous to use induced draft 
fans on the exhaust side, thus avoiding the 
effect of blower compression temperature 
rise. In the particular installations so far 
made on the Consolidated Edison Sys- 
tem, practical disadvantages of this 
method have made its use inadvisable. 
It would be necessary to install additional 
piping and filters between the outside air 
and the inlet of the cable ducts to avoid 
using the warmer gallery air as a cooling 
medium and to avoid rapid clogging of the 
cable ducts with dust. Also, the blowers 
would be somewhat less efficient at re- 
duced inlet pressures. 

It has been found generally advisable 
to break up the forced air system into 
duct runs of not more than 100 to 200 
feet, depending on duct friction. Where 
longer runs and high pressure drops are 
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unavoidable, an after-cooler may be 
economically justifiable. 


Conclusions 


1. The adaptationof forced-air cooling 
principles to station cables in ducts is an 
expedient which, while not generally ap- 
plied in connection with new construction 
where adequate current carrying capacity 


Figure 4. (A) Variation of air-flow require- 
ments with duct inlet air temperature 


(B) Blower temperature rise characteristic. 
Blower rise as a function of differential pres- 
sure, test results 
(C) Variation of blower temperature rise with 
delivered air-flow 
(D) Superposition of air-flow requirement and 
air-flow delivery characteristic curves 
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tions in existing cable installations where 
special restrictions are imposed. 

2. Determination of the required air 
flow can be made with sufficient accuracy 
in the average case by employing a simple 
expression based on the thermal capacity 
of the moving air mass, as controlled by 
the allowable air temperature rise from 
duct inlet to duct outlet point. In order 
to be on the safe side, it is recommended 
that the design be applied with a liberal 
factor of safety to compensate for ap- 
proximations and uncertainties. 

3. The effect of heat transfer across 
the duct structure has been studied and 
it is concluded that correction for this 
effect is not necessary for cases where the 
duct structure ambient temperature does 
not exceed that of the cooling air supply 
by more than, say, 10 degrees centigrade. 
Where high duct structure ambients are 
encountered, air flow requirements can be 
checked on a more exact basis by means of 
a formula developed for taking into ac- 
count heat transfer across the duct struc- 
ture. 


Appendix |. Heat Dissipation 
with Forced Air Flow 


For the ordinary case of cable in a duct, the 
transfer of heat from the cable surface across 
the air crescent to the duct wall normally 
takes place by the phenomena of radiation, 
free convection, and conduction. The rela- 
tive effectiveness of these modes is generally 
in the order given.* With forced air flow, 
the radiation effect becomes of lesser im- 
portance, while the conduction effect prob- 
ably can be neglected entirely. 

In applying a forced-ventilation system 
to the cooling of duct cables, a sufficient 
temperature differential must be allowed be- 
tween cable sheath and the air stream to 
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ensure dissipation of the cable losses from 
the cable surface. The thermal balance at 
the controlling point at the end of the duct 
run, assuming a uniform external ambient, 
is given by equation 2 or equation 2A in 
which this temperature drop is expressed by 
(W.Rsa). 

In determining Rsq, we are concerned with 
heat transfer at the inner wall of an eccen- 
tric annulus for the condition of turbulent 
air flow. Although a number of investi- 
gators have studied the problem of heat 
transfer in concentric annuli, the ex- 
perimental data do not cover the condi- 
tions with which we are here concerned. 
The formulas quoted in the literature relat- 
ing film co-efficients to fluid properties and 
apparatus dimensions have taken many 
forms® but Davis’ indicates that the prob- 
lem of determining the proper equation for 
use in calculating heat transfer in concentric 
annuli has not yet been adequately resolved. 
For the eccentric annulus, it can be said that 
the problem is even less resolved. 

Neglecting the effect of eccentricity, cal- 
culations made using various equations 
indicated that even with the more conserva- 
tive expressions the temperature differential 
required between cable sheath and the air- 
stream is not large. To be on the conserva- 
tive side, therefore, in order to compensate 
somewhat for the uncertain effect of eccen- 
tricity of the cable in the duct, an expression 
by McAdams?® was used as a basis for de- 
termining Rsg. From the correlation of 
available data for the flow of common gases 
in hot tubes, McAdams gives the expression 


0.8 


G 
h=0.0144C, Do Btu per hour per 
square foot per degree Fahrenheit (5) 


For air flow, equation 5 becomes 


G8 
h=0.015Cp poe Btu per hour per square 


foot per degree Fahrenheit (6) 


Equations 5 and 6 hold for turbulent flow 
with Reynolds numbers in the range 2,100 
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to 100,000. For these applications the 
Reynolds number will be well within the 
turbulent range. 

For flow in an annulus, equation 6 was 
adapted by substituting for D the equivalent 
diameter, D., taken as four times the flow 
area over the heated diameter so that 


De=(D2?—D,?)/D, inches (7) 


For heat transfer from the air stream to the 
duct bank, the heated perimeter is taken as 
that of the duct inside wall, and the corre- 
sponding equation used for D, in evaluating 
Raa becomes 


De =(D2?— D,?)/Dz inches (7A) 


In the absence of more specific data, it has 
seemed reasonable to assume that for the 
case with which we are concerned, equations 
5 and 6 are sufficiently valid to establish a 
reasonably correct basis for evaluating the 
temperature drop from cable sheath to air 
stream. Our experience confirms this be- 
lief. McAdams gives an expression for heat 
transfer with gas or fluid flow in annular 
spaces but indicates that equation 5 is 
preferable. 

For our purpose we are interested in Rsqa, 
the reciprocal of h as given in equation 6. 
Substituting common cable rating units and 
reducing, we obtain 


Rsa=6.0(De/CFM)® degree centigrade 
per watt per foot (8) 


Appendix Il. Pressure Drops in 
Forced-Aiir Cooling Systems 


Successful design of the mechanical com- 
ponents of the forced-air cooling system 
requires a satisfactory estimate of the total 
flow resistance offered by the system. The 
total pressure necessary to produce the de- 
sired air flow is determined by the resistance 
of the blower inlet, air filter, exhaust piping, 
and the cable-duct system. 

The pressure losses in the inlet filter, 
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blower piping and nozzles may be deter- 
mined by means of standard references on 
heating and ventilation® © and will not be 
discussed in further detail here. 

With respect to the cable-duct system, 
limited data are available in the literature 
on the pressure drop in eccentric annuli 
with turbulent flow.1! Axiomatically, it 
ean be said that it is best to obtain actual 
test data,on the resistance of the cable-duct 
systems involved at a rate of air flow in the 
required range. On earlier applications on 
our system, flow resistances were determined 
by a number of such tests. With data thus 
accumulated, pressure drops are now esti- 
mated with sufficient accuracy using the 
hydraulic diameter§-*'-4, D,—D,, as a 
basis for comparison, see Figure 6. The 
hydraulic (equivalent) diameter, D,—D,, 
which is equal to four times the flow area 
over the wetted perimeter, is defined as the 
diameter of an equivalent circular pipe of 
equal theoretical flow resistance. 

Although the hydraulic diameter concept 
has been used in connection with Figure 6, 
there is reason to believe that some modifica- 
tion may be necessary for satisfactory 
correlation of pressure drop data in annuli;!4 
however, in the absence of a generally 
accepted procedure, the treatment used here 
is considered to be sufficiently adequate. 

Figure 6 is a graphical summary of test 
data obtained from actual installations. 
In this figure the pressure loss for a 100 foot 
length of duct having an air velocity of 
3,000 feet per minute is plotted against 
D,—D, for each duct surveyed. Each 
plotted point represents an average of 
approximately six duct measurements. 

Although there is considerable dispersion, 
a curve can be drawn which will give a 
general trend. In a group of six ducts of 
apparently identical physical dimensions 
and construction, it is common to have a 
range of flow values varying +30 per cent 
from the average. The variations encoun- 
tered in ordinary pipe and ventilating duct 
friction losses are considerably increased in 
these installations due to a number of fac- 
tors such as accumulation of cable grease in 
the duct, especially around bends, snaking 
of the cable, leakage in cracked ducts, and 
rough joints. Accurate testing is difficult 
because of the crescent shaped outlet open- 
ings and the widely varying velocity distri- 
bution. Frequently, the locations are such 
that access to the discharge areas is difficult. 

The tests shown in Figure 6 were for 
fiber ducts of 4.5 and 5 inch inside diame- 
ter and for cables having either lead sheath 
or braid covering. Apparently, the differ- 
ences in friction loss due to a limited range of 
duct and cable sizes and surfaces are not 
appreciable as compared with variations due 
to factors such as those listed above. 

Based on the average of the test data 
given in Figure 6, the pressure loss in a 100- 
foot length of duct with an air velocity of 
3,000 feet per minute may be expressed by 
the following empirical equation: 


Ap=12.0/(D2—D,)"8 inches of water (9) 


The pressure loss data obtained from our 
tests are presented in the form of Figure 6 
for practical use. It is not considered that 
the data are sufficiently accurate, consistent 
or complete to allow presentation in the 
usual form of roughness index, friction factor 
and Reynold’s number. 

The pressure loss values given in Figure 6 
and in the empirical equation 9 may be com- 
puted for other lengths and velocities by 
assuming the flow resistance to be propor- 
tional to length and approximately propor- 
tional to the square of the air velocity. 
These relations are supported by test 
measurements within the limits of expected 
experimental error. A general empirical 
equation can be written, then, as 


Ap=13.3X10-°L V2/(Ds—D,)?-88 
inches of water (10) 


The velocity head at the entrance to the 
cable-duct may conservatively be consid- 
ered to be completely lost and should be 
added to the duct friction drop. 
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Figure 7. Differential section of duct for 
heat balance setup 


Appendix Ill. Temperature Rise 
of Duct Cooling Air, Taking Into 
Account Heat Transfer Across 
the Duct Structure 


For an incremental length of duct, dX, 
as shown in Figure 7 we can write the heat 
balance equation, algebraically, as 


dW=dwW,+dW, (11) 
where 
dW=W.dX 
aw, =) ar 
(1.93) 
(f—Ta) 
dW,= dX 
sa Meal) 
then 
(CFM) (T—Ta) 
W.dX = dT dX 12 
(hose eR) ve) 


where 


W =watts generated in the cable 

W, =watts absorbed by moving air 

W,=watts transferred across the duct 
structure 

7T=mean temperature of the moving air at 
any point X 

Tq=the external ambient of the duct struc- 
ture; assumed to be uniform along 
the duct run 


Collecting terms, integrating and substitut- 
ing limits, we get 


Te—Ti=[Ta—Tit(W.Ro)(1—e*”) (13) 


where P has the value 1.93/(CFM. Rp). 
Equation 13 is identical with equation 4 
given in the text. 
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Public Address Systems 
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Plants 
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HE USE of public address systems 
Tis generating plants is a special ap- 
plication of the device and has not been 
particularly well covered in the technical 
literature to date. It differs from other 
public address applications in several im- 
portant respects and it is the intent of 
this paper to give the basic requirements 
and considerations leading to the design 
of a truly practical system, Trials in 
practical plants over the past 15 years 
provide a basis for selecting components 
most suitable. 

The expression “public address’’ is a 
misnomer in this case in that the device is 
specifically not used for entertainment 
or group talks but is confined to many 
brief uses for paging, co-ordination of 
activities and emergency warnings, It 
would be better known as an “amplifier 
system” or “loud-speaker system,” 


Other Communication Facilities 


Hirst, it i9 necessary to consider what 
other devices for communication may be 
at the disposal of plant operators. Any 
or all of the following may be found: 

1, Leased telephone lines, These eit 
cuits handle all normal business funetions 
from the plant to the local central office 
and to long distance phones, 

2, Intercommunicating telephones, 
These take care of person-to-person con- 
versations within the plant and may or 
may not be tied through a PAX or PBX 
to external trunks, 

3. Code calling, This is for paging 
key men throughout the plant and is 
usually a part of the intercommunieating 
telephone system, 

4, Test telephone, This is a system 
of complete simplicity being generally no 
more than a pair of conduetors running 
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throughout the plant with arrangements 
for plugging in handsets at any desired 
location, 

5. Transmission telephones, These 
provide communications to substations 
for matters having to do with the flow of 
energy. 

6. Carrier current telephones, These 
are provided for the long distance con- 
vergations to other plants and substations 
on the main transmission system and are 
used almost entirely for system operating 
functions, 

7, Radio, Where provided, this is 
used primarily for dispatehing line main- 
tenance erews and sometimes serves for 
directing switching at remote, wunat- 
tended substations, 


Need for Public Address Systems 


With all of the foregoing facilities there 
id sill need for some means of paying all 
plant personnel either individually or in 
groups, & means of conveying orders to 
groups of people simultaneously, a means 
of communication from any one of these 
individuals to the entire group, and a 
means of notifying all personnel in cases 
of emergency, This is eapably disposed 
of by means of a properly designed publie 
address (P.A,) system, 

Modern plants with the multiplicity of 
devices provided to obtain high effieieney 
introduce problems of eovordination of all 
personnel, the observations which they 
make, the readings of instruments and, 
in turn, the orders regarding control and 
adjustment, This is important during 
periods of startaip, synchronizing, load 
change, boiler blowdown and shut down 
of units and is especially necessary during 
emergencies or unexpected conditions re. 
quiring immediate changes to be made, 
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The present-day trend in plant design 
is in the direction of unit construetion, in 
which case a separate P.A, system should 
be provided for each unit. These may be 
readily consolidated at one or more 
points for simultaneous control as in the 
vase of fire or other emergencies involving 
the entire plant. 


History of Development 


Early attempts to apply this equip- 
ment involved installations made by the 
manufacturer who, it often developed, 
was not fully cognizant of the problem, 
considering the noise levels involved, 
temperatures, humidity, and vibration. 
The equipment, therefore, was not prop- 
erly adapted to the service and per- 
formance was poor, Such devices as 
crystal microphones with their inherent 
fragility would not today be considered 
for such an application, Similarly, 
microphones of low output level would 
not be considered except possibly by 
using a preamplifier at each microphone 
to reduce the susceptibility of the miero- 
phone cireuit to pick-up from the many 


power conductors, Amplifiers attained a- 


maximum rating of about 60 watts, 
Where additional power was required it 
was obtained only by using more 60-watt 
amplifiers, ‘Thus, if 250 watts output was 
required the tube complement of all am- 
plifiers totaled something in the order of 
50 to GO tubes, 

Another early error of judgment re- 
sulted from the attempt to cover entirely 
(oo much area with the result that ree 
verberations from the building destroyed 
intelligibility at any appreciable distance 
from the loud speakers, These early ate 
tempts, however, were not entirely wasted 
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since they demonstrated that many use- 
ful purposes could be served by a properly 
designed system. 


Statement of the Problem 


The problem, then, is to provide: 

1, A system capable of paging simul- 
taneously throughout the entire plant. 

2. Asystem providing speech coverage 
in all operating areas. 

8, A means of reply or break-in from 
any operating position. 

4. A simple means for adjusting audio 
power level for any background noise 
level from that of office areas to that of 
fan floors. 


Basic Considerations 


Knowledge of noise levels and rever- 
beration characteristics coupled with an 
understanding of the manner in which a 
plant is operated leads to the premise that 
it is unnecessary and in fact improper to 
attempt to cover all plant areas except 
possibly for paging. The essential. re- 


Figure 2. Effect on syllable articulation of 
removing portions of the speech frequency 
range 


A—A\l frequencies below the indicated 
frequencies transmitted 
B—A\ll frequencies above the indicated fre- 
quencies transmitted 
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ARBITRARY UNITS 


A—Relative importance 


for intelligibility 
B—Energy distribution 


quirement is met by selecting and locating 
speakers to cover only observation and 
control areas where personnel are nor- 
mally stationed. The speakers may then 
be supplemented by a means of conveying 
detailed information without error, High 
reliability must be achieved through 
selecting components designed to with- 
stand extremes of temperature, humidity, 
dirt, and mechanical abuse, Considera- 
tion must be given to the great lengths of 
microphone and speaker cable, their 
selection and installation as a matter of 
minimizing susceptibility to magnetic 
and electric fields. The method of opera- 
tion at each control point must be as 
simple as possible. The circuits em- 
ployed must be held to basic simplicity 
to avoid becoming future sources of 
trouble and so maintenance work may be 
done without the necessity of calling in 
people with special skills or equipment. 


Reverberation Characteristics 


Assuming that it is impractical to pro- 
vide acoustic treatment of any areas 
other than offices or control room, it is 
necessary to adapt speakers to the plant 
as it stands. If, for instance, it were at- 
tempted to cover an entire turbine room 
floor from a single speaker, it would be 
found impossible regardless of the sound 


Figure 4.  Cir- 
cuit for relay con- 
trol box, hand- 
set, and hook- 
switch 
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power employed because the large ceiling, 
wall and floor areas cause reverberation 
sufficient to completely destroy intel- 
ligibility. IMustrative of this was an 
early attempt to use an extremely high 
power horn speaker at one end of a tur- 
bine room floor. This device operated on 
the principle of modulating a flow of air 
from a compressor and produced sound 
volumes comparable to 500 watts of audio 
power with good intelligibility. With 
this device located at one end of the tur- 
bine room floor, high sound levels were 
produced throughout the entire 60 by 
225 foot area. However, beyond about 
60 feet from the source, words were com- 
pletely unintelligible and the only thing 
heard was substantially a monotone de- 
termined by the reverberation charac- 
teristics of the room itself. If the entire 
area must be covered, the solution here is 
through the use of many small units. 
Actually we find that a practical solution 
results from the use of a single speaker at 
the turbine control panel or at the control 
end of each unit to concentrate all sound 
energy in those areas where operators are 
normally on duty. Similar logic applies 
to the application on the fan floor or other 
places where large wall areas may reason- 
ably beexpected togive trouble. Through- 
out the remainder of the plant the space is 
very largely broken up by pipes, tanks, 


MONOPHONE STAND 
WALL OR DESK TYPE 


RELAY BOX 


Covered or Seamer 12 Bxl. 
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Table |. Noise Levels and Speaker Power 
Requirements 
Speaker 
Decibel Power, 
Location Level Watts 
A Ms 
| Fan floor... 05-120 20 20 
2, Fan MoOfsccssescsess 9b=120,. 20 
4. Coal conveyor , 92= 97 20 
4, Coal pulverizers,..,,, 96-108 10 
Sh, Seale floor, , 6-106 10 
6, Wester floor,.,, §2= 97,, 20 
7. Burner deck j VA 101 10 mg) 
4 Turner deck, re 10 10 
9. Uffliseope (water 
level) , ; oh h 
10, Utiliseope (burners) Ob i) 
V1 liveporator floor a 06 10 10 
12, Control room... 70- 7) 4 
14. ‘Turbine room W107 20 20 
14, ‘Turbine control 
panel... , 90=106,,. 10 10 
1b, Gteam driven exciter, LOO-104,, 10 
16, Boiler control panel, 04-100 10 10 
17, Boiler room base 
ment ‘ 7 100,, 20 ., 20 
1K, Holler room base 
Mmefit,...4 100 a0 ts Be 
10, ‘Turbine room base 
ment, tn ' 0-107, , 20 , 20 
20, Veedwater pump 102-106,, 20 ao 
21, Condenser pit,......, WbeL08 20) 20 
22. Circulating panp Pl 10d 10 a) 
26, Vionp panel OM LOK 10 1 
24, Condensate panel 10% 10 
26. Wotwell pimps 0) 10 
26, Machine shop. . Yhe- Bb tt) 10 
27, Vlevator Hle= 06 im mW 
26, Siuperintendent's 
omiee,... ‘ O7- 7h Of O65 
29 Wateh engineer's 
omfies,.... , 74- Bi Obey ONS 
40, Ileetrician’s offiee 7A~ WI 0.5 O68 
Ol, StOrerootts.ciics cas Ki 6 1 oO 
a4, Amplifier room... , 7h= Hh 0.6 0.5 
a6, Ileetrie wallery 1, Bde 91 6 
44, Chem, laboratory 74 | 
46, esulls department. , ae 
86; LObbY.iissins ‘4 #2,, 6 
87, Hallway, . resscea PU™ OL, | 
48, Bereen hotse..., , Ti 10 10 
30, ‘Transformer yard..., le 06,, 10 


40, Otitside, near plant, Th- Ob 10 
41, Ovtdoor substation... 7le BY 0 


42, Gute house, ,, Cis Ti | 

‘Total power ents 400 Ay 
Number of speakers, .., ontis 4 , 22 
Average power Lut » ByPsn beew 


Column A Complete coverape 
Column TD - Mininiiiin reciuirements 
* Handset but ho speaker provided 


columns, and machinery such that re 
verberation is not a problen, 


Noise Levels 


Many observations were made in bath 
old and new plants ising Western THlee 
trie Company sound level meter type 
700-A, These readings are tabulated in 
Table 1, the valies being in deeibels 
above the threshold of hearing, whieh is 
taken as zero level, of 10°! watts per 
square centimeter, Noise levels indi 
cated ure generally between SO and 190 
decibels with a few exeeptions asin sound 
proofed offices and control rooms, 


Audio Power Requirement 


Table I yives averupe noise levels 
based on observations in practical plants, 
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5 (above), 
station mounted on relay control box 


Figure Typical monophone 


Figure 6 (tight), Amplifier cabinet--rear 


The final eoltmn indienting loud 
speaker watts for each location has been 
determined by experience, ‘This is not 
directly related to the noise level since 
there is an additional factor of the aren to 
be covered, Note that the averape for 
anentire plant is in the order of 10 watts 
per speaker and the total requirement for 
a sinple wit plant is in the order of 250 
watts, 


Loud Speakers 


In the produetion plant itself and out 
door areas, all speakers should be of the 
horm-type using either straight trumpets 
or reentrant horns, Tor our purposes, 
the smallest horns manufaetured are en 
lirely suitable, Speeifieally, a horn pro 
viding 2'/y to O'/y fool aire column with a 
bell diameter of 12 inches will pass every 
thing from 10 to 5,000 eyeles essentially 
without distortion, Tnasimiuch as the in 
lent in to cover only selected areas, these 
horns should be chosen with not more 
than 40 degrees spread at 1,000 eyeles, 
Drivers of the permanenta¢magnet type 
Attuned a high degree of development for 
military applications and are available 
today in forma whieh are largely impervi 
ous Co temperature, timidity, vibration 
or dirt, as would be encountered ina yen 
erating plant, These are available in 
various sized from 6 to 25 watts, Por 
aimpheity and interehanpeability, it is 
recommended that just one type, say the 
BH-wall size, he provided, 

In the control room a ceiling type 800 
degree unit may be employed although, 
since only a low power ia required, a 
small 5 inet eone speaker mounted in one 


control panel is adequate, Tor office 
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areas the sloping panel type speaker 
mounted at the janetion of wall and ceil- 


ing is quite satisfactory. In large offices 
where only certain of the employees are 
directly concerned with operation of the 
physieal plant, itis convenient to use one 
or more small desk speakers in plastie 
housings such as are commonly employed 
for interoffice communicating systems, 


Microphones 


Having in mind the over-all response 
characteristic indicated in Mgure 1 and 
discussed in the paragraph under Am- 
plifler Characteristics, itis apparent that 
any modern microphone will provide ade- 
quate fidelity, Crystal microphones 
should be definitely avoided because of 
(heir fragility and the fnet that they are 
subject to damage from temperature and 
humidity, Dynamic mierophones would 
be quite suitable but in general involve 
nore expense Chan necessary, ‘The real 
practical solution appears to be through 
the use of a conventional carbon miero- 
phone, preferably in the form of a tele 


phone handset, ‘These have been highly — 


developed, specifically for transmission of 
speech intelligibility and are most desir- 
able in this application because of their 
extreme ruggedness, low cost and general 
availability, ‘Phere is one further ad- 
vantage in that they provide a high-level 
low-impedanee souree which yery ia. 
terially reduces the susceptibility to piek- 
up in Che long microphone line whieh may 
rin to the order of 1,000 feet, Also, no 
preamplifiers are required either at the 
individual microphones or ahead of the 
main amplifying device, Since the sys 
tem involves only a total amplification in 
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Figure 7. Same as Figure 6—covers removed 


Top panel—Master Switch 
9nd panel—48-volt rectifier 
3rd panel—Monitor 
4th panel—Control 
5th panel—250-watt amplifier 
6th panel—Blank 
7th panel—Terminal 


the order of 60 decibels, the matter of 
microphone hiss is not a problem. 

In levels of extremely high noise, in- 
telligibility of sound coming from loud 
speakers is limited to simple words, 
names or phrases. For anything more de- 
tailed, it is necessary to listen to a tele- 
phone receiver and, where the room 
noises are particularly bad, to have the 
additional protection of a soundproof 
booth. The conventional monophone 
suggested above serves very well for this 
additional function. 


Microphone Supply 


Considering the necessity of controlling 
plate voltage and the need to cut off local 
loud speakers, the simplest means is 
through the use of microphone current for 
control. Thus the microphone supply 
must not only be adequately filtered but 

should have high enough voltage to 
operate two relays in series with the 
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microphone. Assuming that 600-ohm 
telephone relays and a conventional car- 
bon microphone are used, this requires a 
48-volt supply which is available in any 
of a number of forms, for instance, as a 
power supply for use in small telephone 
exchanges or as a part of a carrier current 
telephone set or a radio transmitter. This 
arrangement also has the advantage that 
no additional conductors are required 
for control. 


Amplifier Characteristics 


The first thought is normally for a 
means of designing or selecting high 
fidelity equipment. However, we must 
realize that in this application there is no 
intent to use the device for entertainment 
or reproduction of music. Not only is 
capability along these lines unnecessary, 
but for our purposes would be actually 
detrimental. In a power plant the back- 
ground noise, although high, does tend 
to concentrate at either end of the audio 
spectrum. Thus we have many rumble 
noises as from crushers, fans, and hum 
from motors and transformers. At the 
upper end of the spectrum we have the 
characteristic screaming of turbine blades 
and feedwater pumps. 

Figure 2 indicates the effect on syllable 
articulation of removing portions of the 
speech frequency range.* Note that no 
substantial improvement results from ex- 
tending this range either below 400 cycles 
or above 3,000 cycles and adequate in- 
telligibility will be attained by concen- 
trating all audio energy within this 
range. 

Consider further Figure 3 which indi- 
cates the relation between articulation 
and energy distribution of speech. Note 
that about one-half of the total energy is 
confined to the frequencies below 500 
cycles but these frequencies contribute 
only 5 per cent to the intelligibility. By 
eliminating most of these and concentrat- 
ing everything in the 400- to 3,000-cycle 
range, a given size of amplifier and num- 
ber of speakers will provide far better per- 
formance. 

What would be called a high quality 
amplifier for voice might have an over-all 
fidelity characteristic as indicated by 
curve A of Figure 1, which is flat from 


1,000 cycles to 2,500 cycles and down 6 


decibels at 200 cycles and 5,000 cycles. 
Even this is far more linear than required 
and an amplifier with characteristics as 
indicated in curve B would be quite 
satisfactory. This peaks at about 1,000 
cycles and is down 6 decibels at 500 cycles 
and 2,500 cycles. In a power plant there 
is much opportunity for magnetic pickup 
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into the microphone circuits of 60-, 120-, 
and 180-cycle frequencies and _ here, 
again, the amplifier response to these low 
frequencies must be held down. Thus, 
continuing curve B, the roll off below 500 
cycles and above 2,500 cycles could be 
designed for about 12 decibels per octave. 
This, and in fact the entire shape of the 
over-all characteristic, may be obtained 
by very simple resistance-capacity net- 
works. 


Design of Amplifiers 


For this type of work where the equip- 
ment will operate continuously under 
conditions of temperature variations, 
humidity and vibration, carefully planned 
mechanical design, along with simplicity 
of electrical Components, is essential. By 
proper design the number of tubes should 
be minimized and any critical circuits 
should be carefully avoided. High im- 
pedance circuits characteristic of resist- 
ance coupled amplifiers and phase in- 
verters should be avoided by using trans- 
former coupling throughout. 

A simple and practical arrangement 
would be through the use of a single 
triode, say type 6/5, or a pair in push- 
pull for the input stage followed by a pair 
of triodes, say type 6A3, in push-pull as a 
driver stage, these all being operated in 
class A, and followed by a final stage con- 
sisting of a pair of S05’s in push-pull 


Figure 8. Same as Figure 6—front view 
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operating as either class AB or class B. 
A pair of 866A tubes would suffice as 
plate supply for the final stage using a 
bleeder to feed input and driver stages. 
If desired, the input and driver stages 
could be supplied from a low-voltage 
rectifier which might include microphone 
supply mentioned before. Thus the en- 
tire amplifier, including rectifiers, totals 
only seven or eight tubes. 

The audio range should be limited at 
the input to conform to either curve “A”’ 
or “B”’ indicated in Figure 1. As men- 
tioned previously, total output power 
requirements will be in the order of 250 
watts. If we assume an input power in 
the order of 25 milliwatts, the entire gain 
comes out to be 60 decibels. Both micro- 
phone and speaker lines could conven- 
iently be designed for 60 ohms. 

Degenerative feedback for final stages 
using beam power tubes is conventional 
and can be introduced with little difficulty 
to reduce distortion, noise and instability 
caused by voltage fluctuation and, at the 
same time, improve output regulation of 
the amplifier. 

Assuming class AB or B is used in the 
final stage, a power supply of good regula- 
tion is required. This is readily accom- 
plished through the use of mercury recti- 
fier tubes with choke input filter. Con- 
sidering the comparatively low gain of the 
amplifier, there will be no trouble from 
rectifier tube noise if a conventional hash 
filter is employed. 

The transformers themselves must be 
designed with due consideration for such 
factors as saturation of core material, 
symmetry of windings, avoidance of res- 
onance, low loss, adequate shielding 
against hum pickup from chokes and 


Figure 9. Control room showing operator 
using portable monophone (Note speaker in 
upper right corner of panel) 
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other transformers. Many well designed 
transformers are available. 


Choice of Tubes 


The basis for choice of tetrodes or 
triodes may be argued. However, either 
may be employed to produce an am- 
plifier of adequate fidelity. Our own 
choice for audio work of this nature is the 
triode since there is some reason to believe 
it is more capable of retaining its original 
characteristics throughout its life and is 
somewhat less subject to failure from 
“hot shorts.’’ Considering the compara- 
tively low total gain, separate cathodes 
are not required except possibly in the 
first stage. Conventional receiving type 
tubes are available in many types for the 
input and driver stages and many trans- 
mitter tubes, such as types 211, 805, 811, 
838, 845, are available for use in the final 
stage. 


Table Il 
Ohms Total Watts Watts in Receiver 
ZEDO Fs id's, sia haters BOO o cannrersvests oe 0.0452 
3,300... pine SED wisi .. 0.0203 
4,700... tis OS ate ...0.0100 
6,800... ae DORN .. .0.00483 
10,000... Sa ¢a0 cu .. .0.00224 
22,000... ..0.340... ...0,000463 
33,000... OF 227s .» 0.000206 
47,000 1e0)060.,. ...0,000102 
68,000... 150, TIO. cere sa ces 0, OOO0ZES 
100; G00. cies netoere QHOZD sss sidin wigs 0.0000225 


Plate Voltage Control 


Since amplifying systems of this type 
are in use for only a very few per cent of 
the total time, it is advisable to discon- 
nect the plate supply during the idle 
periods. This is a very simple matter and 
will result in material extension of tube 
life and, at the same time, will reduce 
temperatures of all other components of 
the amplifiers, thus similarly extending 
their lives. A thermal relay should be in- 
corporated in the plate supply as a matter 
of protecting the rectifier tubes whenever 
the supply voltage may be interrupted 
and restored. 


Amplifier Mounting 


For convenience and simplicity, all 
equipment should be mounted in a cabinet 
with: the 48-volt relay/microphone sup- 
ply; a panel containing speaker and 
monophone for local operation; a control 
chassis carrying equipment for plate 
supply control; the main amplifier; and 
terminal boards for the microphone, 
speaker, and power connections. In 
plants where a separate room is available 
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Figure 10. Control room with operator using 
desk set 


for communication equipment, a relay 
rack will provide excellent mounting. 


Location of Amplifier 


In a power plant there are many pos- 
sible locations. If a separate room is 
provided for the telephone switchboard, 
carrier current equipment or other elec- 
tronic devices, it would be ideal. Other- 
wise, there may be space in the control 
room or one of the offices. If none of 
these is practical, an amplifier designed 
along the lines indicated above can be 
located almost anywhere as long as the 
ambient temperature does not exceed 
about 90 degrees Fahrenheit and the 
equipment will not be subjected to ex- 
cessive vibration or direct spatter of 
liquids. 


Handset Volume Level 


The standard desk set cords and hand- 
set cords are not available as shielded 
conductors or even with the microphone 
lead shielded. It is therefore important 
to reduce the level of the speaker line to 
handset level before bringing it into 
proximity to the microphone lead. Thus 
the speaker line in the control box goes 
immediately to the relay and then through 
resistances to the flexible cord. The value 
of these resistors may be changed to 
produce any desired receiver volume de- 
pending on the background noise level. 
Using resistors in pairs to maintain 
balance and assuming a 122.5-volt speaker 
line (250-watt amplifier, 60-ohm line) 
and handset receivers of 60 ohms each, 
the receiver power levels shown in Table 
II will be produced. 


Handset Mountings . 
The conventional wall mounting hook- 


switch is suitable for all locations except in 
telephone booths and in offices where the 
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Machine shop showing loud 


Figure 11. 
speaker, control box, and soundproof booth 


for handset. (Booth also used for inter- 
communicating telephone) 


desk set is preferred. No dial, ringer, 
capacitor, or induction coil is required. 
One make contact of the hook switch is 
used to control microphone current. 


Speaker Transformers 


These matching transformers serve the 
purpose of matching the impedance of all 
speakers in parallel to whatever imped- 
ance it is desired to operate the speaker 
line. Thus the individual speakers are set 
for impedances considerably above that 
of the line itself. For instance, if a line is 
operated at 60 ohms, the impedance to be 
used to obtain any desired speaker power 
is given in Table IIT. 

For simplicity it is suggested that all] 
horn speakers be equipped with 25-watt 
adjustable transformers to cover the im- 
pedance range from 600 to 3,000 ohms. 
Transformers for all other speakers could 
be 5 watts rating with input impedances 
from 3,000 to 30,000 ohms. 

For example, if we took the installation 
suggested in Table I under condition B, 
there are seven 20-watt speakers, nine 10- 
watt speakers, two 5-watt speakers, and 
four 1/2-watt speakers. Using trans- 
former input impedances as indicated 
above, we get the following figures: 


7 units, each 750 ohms in parallel = 107 ohms 
9 units, each 1,500 ohms in parallel = 167 
ohms 
2 units, each 3,000 ohms in parallel = 1,500 
ohms 
4 units, each 30,000 ohms in parallel =7,500 
ohms 
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1 
1/107+1/167+1/1,500+1/7,500 
=62 


Total Z= 


(122.5)? 


Total power= = 242 watts 


Cables 


For both microphone and speaker lines 
there are many practical choices. We 
would suggest that these be restricted to 
the types generally to be found in plant 
stocks for which fittings are immediately 
available and with which the plant per- 
sonnel are thoroughly familiar. For in- 
stance, the speaker line could consist of 
either BX or number 12 weatherproof 
wire in conduits. For the microphone line 
type BXL would be excellent. The char- 
acteristic impedance of these lines is not a 
factor since for the highest frequency 
handled, say 3,000 cycles, we have a wave 
length of approximately 62 miles com- 
pared with a length of the longest run of 
cable in the order of 1,000 feet. 

It is advisable, wherever possible, to 


Table Ill 


—=— = 


Speaker Power, Watts Transformer Z, Ohms 


DDS tet olatt sh otap eae te larataiatstetols 600 
DO rarest alae elute wvinraeie atid 750 
Drea eis) tone at ae als ee eh 1,000 
BONS ea aid au oa eelnn> 1,500 
Died warelliste.nineiptsisicisiestetor 3,000 
PAE BERD TACs OO Oe 6,000 
) Bo Aer er Sac ark ee) 15,000 
OO) Opiate a) eooleaidaareee ra tein 30,000 


keep microphone and speaker leads in 
separate conduits. The microphone cir- 
cuit may be carried in the same conduits 
with other signaling circuits if desired. 


Control Room Switchboard 


In addition to the loud speaker and the 
desk set the control room should have 
jacks in the panels such that an operator 
may use a portable monophone while 
working at the panels, reading instru- 
ments, and making adjustments. A con- 
ventional double telephone jack located 
every alternate panel will be adequate. 
The operator uses a standard monophone 
with 4-wire cord and double plug. Plug- 
ging in the portable monophone accom- 
plishes the same thing as picking up the 
desk set monophone in that the local 
speaker is cut off. 


Control Boxes 


To eliminate acoustic feedback it is 
necessary to provide a relay at each con- 
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trol point to cut off the local speaker when 
its associated monophone is off the hook. 
For converience, this is mounted in a 
12 inch by 12 inch by 4 inch steel box, 
Figure 4, with a 10-microfarad capacitor 
by-passing the relay coil, a pair of fixed 
resistors to apply a low level signal to the 
handset receiver and, an adjustable 
speaker transformer. The steel box is well 
adapted to welding or bolting to steel 
structures throughout the plant and is of 
ample size to accommodate BX, BXL or 
conduit. For office areas, the same com- 
ponents in smaller size may all be built 
into a standard telephone ringer box. 


Over-all Performance 


As it normally functions, the system is 
put into operation by lifting any mono- 
phone which, in turn, applies plate voltage 
and the call is received by all speakers. 
Assuming that a certain person is called, 
when he picks up the monophone at some 
other point, a high quality telephone 
channel is established with receivers at 
each end adjusted in amplitude depend- 
ing upon local noise levels. It would then 
be a simple matter to cut off all loud 
speakers. However, experience indicates 
that it is better to leave them in opera- 
tion. Thus, all personnel are fully in- 
formed of any contemplated changes 
being discussed and may prepare to make 
such adjustments as necessary on the 
equipment under their control. 

In general, the sound power being con- 
centrated in that part of the frequency 
range conveying maximum intelligibility, 
the over-all performance is very good. 
However, it must be recognized that in 
the extremely high noise level areas, the 
best that can be expected from loud 
speakers is ability to understand simple 


words or phrases. “It is common ex- 


Figure 12. Office showing desk speaker and 
monophone 
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perience that when any sound is impressed 
upon the ear, it reduces the ability of the 
ear to sense other sounds.’’* Each tone 
tends to mask those near and above it in 
frequency. As would be expected, mask- 
ing by complex sounds is the composite 
masking of each individual tone. In these 
areas the P.A. system serves for paging 
only, after which the transmission of in- 
telligence is accomplished by the local 
monophone with the protection of a 
soundproof booth. 

The cost is an extremely variable factor 
but in no case should exceed 1/20th of 1 
per cent of the plant value and is readily 
recovered by improved personnel effi- 
ciency, plant performance, and reduction 
of damage during emergencies. 


Maintenance 


Equipment as indicated above requires 
very little maintenance. The circuits are 
simple and straightforward and very few 
tubes are used. There is very little 
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reason for duplicate equipment, and 
maintenance can be handled by anyone 
with average understanding of audio cir- 
cuits equipped with basic tools and a volt- 
ohmmeter. A tube tester is hardly es- 
sential since conventional types will 
handle only the receiver tubes used on the 
input and driver stages. For most work, 
all that needs to be done is to check tubes 
by interchanging with new tubes, observ- 
ing the resultant values of tube voltages 
and currents. The power output level 
may be checked approximately by ob- 
serving the voltage across the speaker cir- 
cuit, using voice or whistle as an input to 
the microphone circuit. If it is desired to 
be more precise, an audio oscillator should 
be provided. With this instrument, it 
will be possible at any time to restore the 
full original characteristics of the ampli- 
fier through the ability to observe the 
actual gain at any frequency. Speakers 
are seldom a source of trouble. Hand- 
sets are subject to some damage and it is 
reasonable to expect to replace handset 


No Discussion 
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“ ; 
cords from time to time. It would he ad- 
visable to stock spare tubes, filter con- 
densers, handsets and handset cords. 


Conclusions 


It is felt that by adhering rigidly to 
practical considerations as detailed herein 


a device may be produced using com- 


mercially available components in cir- 


cuits of basic simplicity, attaining high 
performance characteristics at low cost to 


provide a service not possible by other 
communication devices either separately — 


or in combination. 
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Bell System Cable Sheath Problems 
and Designs 


F. W. HORN 


NONMEMBER AIEE 


HE wide variety of hazards to which 

Bell Telephone System cable sheaths 
are subjected impose many design prob- 
lems. The nature of these hazards and 
their effect on cable sheaths engineering 
are discussed. The currently used cable 
sheath designs are described. 


The sheaths of telephone cables play a 
most important role in the Bell System. 
These sheaths provide the first line of de- 
fense against the whims of nature and of 
man for 70,000,000 circuit miles, or 90 
per cent of the Bell System’s communica- 
tion network. These 70,000,000 miles of 
circuit are covered with over 300,000 
miles of cable sheath. The growth in the 
number of miles of cable and in the Bell 
System’s investment in cable during the 
past 40 years, see Figure 1, are testimony 
to the importance of the cable sheath it- 
self. The dependability of service to its 
customers and the protection of its in- 
vestment go hand-in-hand in causing the 
Bell System to pay particular attention to 
cable sheath. The engineering of each 
cable installation is a complex problem in 
economics involving a satisfactory balance 
between costs and the quality of the 
service required of the circuits inside the 
sheath. 

Recent developments in sheath design 
have tended to complicate the terminol- 
ogy concerning cable sheath. For this 
reason the following definition is given 
and is used throughout this paper: 
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Everything outside the cable core is con- 
sidered to be part of the cable sheath and 
consists of a basic sheath only, or a basic 
sheath and various protective coverings 
that may be applied over the basic 
sheath for the purpose of further safe- 
guardingit. Thesheath types that now 
are considered to be basic are shown in 
Figure 2. 

Approximately 75 per cent of all Bell 
System cables are located in exchange 
areas and are covered only with a basic 
type of sheath. Protective coverings are 
applied over the basic sheath of all sub- 
marine cables, a substantial part of all toll 
cables, and some exchange area cables. 

The worst enemy of paper insulated 
cable is water. Particular care is em- 
ployed at the factory to insure that the 
cable core of insulated conductors is dry 
before the basic sheath is applied. If the 
paper is allowed to absorb moisture the 
shunt conductance rises rapidly and the 
increase in attenuation that results can 
eventually put the circuit out of service. 


GENERAL REQUIREMENTS 


There are several requirements which 
cable sheath must meet prior to installa- 
tion. All cable sheath, for instance, must 
have sufficient flexibility and _ tensile 
strength to permit the cable to be placed 
on and removed from a reel of reasonable 
diameter several times without injury. 
Such rereeling is required when cable is 
being armored or corrosion protected and 
when stock cable is to be shipped on orders 
for less than full reel lengths. Upon ar- 
rival at location the cable must then en- 
dure removal from the reel and the proc- 
ess of installation. From then on it must 
withstand the damaging influences that 
are peculiar to its particular location. An 
accurate evaluation and understanding of 
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the hazards which beset every cable in- 
stallation are mandatory if an average 
Bell System cable life of 30 to 40 years is 
to be achieved. The requirements placed 
upon a cable by its environment are very 
much dependent upon whether the cable 
is placed underground, on the ground, 
under water, or in the air. Underground 
cables may either be buried or placed in 
ducts. 

The requirements placed upon cable 
sheaths by environment may be classed as 
mechanical, electrical, and corrosional. 
The mechanical requirements include 
tensile strength, resistance to abrasion, 
creep, bruising, and to fatigue caused by 
vibration and temperature changes. The 
electrical requirements are necessitated 
by lightning and the inductive inter- 
ference effects of power lines. The corro- 
sional requirements result from stray cur- 
rents from electrified railway lines, earth 
currents, or from corrosive soil and duct 
conditions. 


Cable Sheath Problems 


The rest of this paper is divided into 
two parts. The first part sets forth the 
background and explanation of the vari- 
ous mechanical, electrical, and corrosional 
problems on the basis that they must al- 
ways be considered. The last part is de- 
voted to a description of the current Bell 
System cable sheath designs along with 
their fields of use and capabilities. 


MECHANICAL PROBLEM 


The mechanical requirements of buried 
cable sheath would be rather severe if it 
were not for the fact that most buried 
telephone cables are covered with ap- 
proximately 30 inches of earth. This 
depth protects the cable from severe and 
sudden changes in temperature and is 
sufficient to prevent wholesale damage by 
plows and small hand tools. Erosion in 
hilly terrain, however, can materially re- 
duce the cable depth and, in some cases, 
will completely expose the sheath. In 
locations of this sort the sheath is sub- 
ject to abrasion by rock movements 
caused by freezing and thawing and to 
bruising by rock-falls and slides. Also, 
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some sections of the United States, nota- 
bly the north central part, are inhabited 
by gophers. These rodents have caused 
so much damage to cable sheath that 
special measures are taken against them. 

Cable that is laid on the ground in 
gullies and dry washes must have suffi- 
cient tensile strength and sturdiness in its 
sheath to resist the drag and pounding 
which it will receive during flash floods. 
Some cables must be installed in rocky 
and rugged terrain that is inaccessible for 
normal installation equipment. In those 
cases the cable must be snaked into 
position with a wire rope; the sheaths 
involved must not only have considerable 
tensile strength but also must resist 
serious abrading and cutting forces during 
installation, 

The mechanical requirements of duct 
cable sheath are usually simple in that 
they only involve installation. The cable 
sheaths are well lubricated as they enter 
the ducts and except under adverse duct 
conditions are subjected to only minor 
abrasion during the pulling-in process. 
The sheath, however, must be able to 
withstand the rather severe bending and 
twisting incidental to splicing and racking 
in manholes, 

Where aerial cable sheath is involved 
the mechanical requirements are focused 
mainly upon fatigue. Wind and tem- 
perature changes cause the cable to swing 
and bow. The basic sheath materials, 
therefore, must be sufficiently proof 
against fatigue from these sources. 
Damage to aerial cable occasionally re- 
sults from stray bullets from small arms, 
flying stones from blasting operations, and 
objects cast by small boys. Even the 
lowly fishhook has taken its toll. 

The list of mechanical requirements for 
submarine cables includes tensile strength 
abrasion resistance and stiffness. Great 
tensile strength is required because ir- 
regularities in submarine topography 
may leave long spans of cable unsup- 
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ported and because large dragging forces 
are created by tides and, now and then, 
by anchors of ships. Vibration fatigue is 
important where fast tides cause the cable 
to be in almost constant motion. 


THE LIGHTNING PROBLEM 


The damaging aspects of lightning to 
cable take two forms in that the current 
can burn holes in the sheath and can are 
from the sheath to the inside of the cable. 
Holes in the sheath can cause eventual 
circuit failure by allowing the ingress of 
water, the carbonized products of burned 
insulation can produce immediate out- 
ages, and in severe cases of damage actual 
fusing of the conductors may occur. 

Extensive studies and measurements of 
natural lightning have been made by 
engineers of the Bell Telephone Labora- 
tories and these studies have produced 
much factual information and have led to 
the development of a strong theoretical 
background for designing a plant less sus- 
ceptible to lightning damage. 

The important characteristics of light- 
ning itself include the current amplitude 
and wave shape of the stroke, and its fre- 
quency of occurrence. The current! of the 
average stroke has been found to reach 
its crest value in 5 to 10 microseconds and 
to drop to half of its maximum value in 
70 microseconds. The possibility of 
damage to a cable depends upon the 
magnitude of the peak current; the 
severity of the damage is related to the 
energy content in the wave following the 
peak, The crest currents of lightning 
discharges vary over a wide range, see 
Figure 3. The number of thunderstorm 
days per year varies extensively through- 
out the United States and is shown in 
Figure 4.1 Field studies extending over a 
number of years have shown that the 
number of strokes to earth per square 
mile per thunderstorm day ranges from 
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0.28 in northern to 0.43 in some southern 
parts of the country. 

An aerial cable will attract all the 
strokes along a zone whose width is about 
seven? times the height of the cable above 
the ground, and hence the average number 
of strokes per year to an aerial cable can 
be readily computed. For a buried cable 
the width of the zone of attraction in 
feet ranges from 1.4 to 2.4 times the 
square root of the earth resistivity in 
meter-ohms, The 1.4 applies for resistivi- 
ties in excess of 1,000 meter-ohms and the 
2.4 is for resistivities less than 100 meter- 
ohms. From these figures it can be seen 
that an aerial cable 25 feet high will collect 
four times asmany strokesasa buried cable 
where the soil resistivity is 1,000 meter- 
ohms. The presence of trees, power lines, 
buildings or water towers along the cable 
route cause a marked reduction in the 
effective width of the lightning zone of an 
aerial cable, but has little effect on that of 
buried cable. However, buried and duct 
cable are given considerable protection by 
water pipes and other conducting struc- 
tures along the line of the cable. 

After the number of strokes per year 
toa cable has been estimated the next 
step is to determine the number of those 
strokes that will have sufficient peak cur- 
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rent to damage the cable. For buried 
cable this maximum allowable crest cur- 
rent, J, in kiloamperes is approximately 
equal to 


_0.31V. 
Rvp 


where 


Im 


c= iabuloe rating in kilovolts of core-to- 
sheath dielectric 
R=d-c resistance of sheath in ohms per mile 
p=earth resistivity in meter-ohms 


The number of faults per year, V, on the 
length, /, of buried cable now can be ob- 
tained from 


where 


a=per cent obtained from Figure 3 using Jp 
for the ordinate value 

n=probable number of strokes collected by 
buried cable in one year. 


The situation is more complicated for 
aerial cables? because the current can 
flash over to ground at guy wires, pole 
protection wires, et cetera. 

From the foregoing it can be seen that 
the resistance of the cable sheath and the 
impulse breakdown voltage of the core-to- 
sheath insulation are the only controllable 
features which are an integral part of the 
cable itself. 


INDUCTION FROM POWER LINES 


This section outlines the various forms 
of the power line induction problem and 
sets forth the part that the cable sheath 
plays in its solution. 

There are two aspects to the induction 
problem—oneconcerns the normal operat- 
ing condition of the power line while the 
other is associated with the abnormally 
large currents when a fault occurs. Both 
of these aspects are fundamentally the 
same although they manifest themselves 
in rather different ways in their effect on 
Bell System cable circuits. Under normal 
operating conditions noise can be intro- 
duced into the cable circuits by the 
fundamental and harmonics of the power 
frequency. When sufficiently high, in- 
duced voltages can render signaling cir- 
cuits inoperative and noise can impair the 
intelligibility of talking circuits. Fault 
currents induce voltages from conductor 
to sheath, sheath to ground, and across 
the ends of an opened conductor which 
may be dangerous to personnel working 
on the cable. In addition, these high 
induced voltages can cause protectors on 
the cable conductors to operate and 
thereby ground the conductors either 
momentarily or permanently. 
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Figure 4. Map showing the average number of thunderstorm days per year 


The layer of metal in all basic cable 
sheath provides an almost perfect shield 
against electric fields and reduces the 
deleterious effect of magnetic fields. ‘The 
magnetic shielding comes about because 
the power line current induces voltage in 
the metallic shield. The resulting current 
sets up a magnetic field of its own in op- 
position to that of the power line current. 
The d-c resistance of the sheath, there- 
fore, plays a predominant part in the de- 
termination of the magnetic shielding and 
should be as low as practicable. This 
requirement is in entire agreement with 
that presented by the lightning problem, 

Other variables involved in the amount 
of magnetic shielding are frequency, the 
impedance of ground connections, the 
earth resistivity, or the leakance of the 
sheath to earth. When magnetic ma- 
terials such as steel tapes are used as part 
of the sheath the shielding depends, in 
addition to the above, upon the amount 
of induced current in the shield and the 
permeability, diameter, number, thick- 
ness, width, angle of spiral, and air gap 
between tutrns of the steel tapes. 


THE CorROSION PROBLEM 


The corrosion problem results from the 
various electrochemical phenomena that 
can be present when: 

1. Dissimilar metals are conductively con- 
nected together and immersed in an elec- 
trolyte. 


2. A given metal is immersed in dissimilar 
electrolytes that are conductively connected. 


8. Stray currents from d-c systems enter or 
leave the sheath via an electrolyte. 


4, The electrolyte is chemically active with 
regard to the metal. 

The currents involved may be man- 
made (such as stray trolley currents) or 
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may be caused by self-generated voltages 
that are established in accordance with 
the electromotive series and the nature of 
the electrolyte. 

Duct and buried cables are far more 
subject to corrosion than are aerial cables, 
Normal atmospheric conditions usually 
keep aerial cables dry. Duct and buried 
cables, however, are frequently exposed 
to at least one or more of the outlined 
conditions. 

The part that the cable sheath can play 
in the reduction of corrosion is to mini- 
mize the reaction of its metallic parts with 
electrolytes and metallic structures, From 
the corrosion problem standpoint the in- 
sulation resistance of the sheath to ground 
should be high enough to limit current 
densities to safe values. 


Cable Sheath Designs 


This section first gives attention to the 
three basic sheath designs and then deals 
with the various protective coverings and 
armors. 


Basic SHEATH DESIGN 


Plain Lead: As its name implies it is 
simply a sheathing of lead which is ex- 
truded over the cable core. While the 
sheath is broadly referred to in most cases 
as lead it is in reality a lead alloy, Pure 
lead has been found to be inferior to some 
of the alloys from a fatigue standpoint 
and is therefore not recommended for 
aerial use. Small or fractional percent- 
ages of tin, calcium, silver, and zine have 
been alloyed with lead with reasonable 
success but for all around service | per 
cent antimony alloyed with 99 per cent 
lead is now most generally used. 

Lead sheath alone provides sufficient 
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aerial 
and duct installations and is likewise an 
effective moisture barrier. 


mechanical protection for most 
Its condue 
tivity in combination with the dielectric 
strength provided by the conductor in- 
sulation and core wrap is sufficient to 
prevent excessive lightning failures in 
most duct installations and in aerial in 
stallations except where very small cables 
are involved in areas where lightning 
storms are prevalent. From the stand- 
point of low frequency induction the lead 
sheath when properly grounded is reason 
ably effective as a shield and of substan 
tial benefit in reducing noise in the tele- 


Figure 6, Stalpeth cable 
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Figure 5 (above). Alpeth 
cable production lines at West- 
ern Electric Company Kearny 
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Figure 7 (right), Protective 
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NOTES: 


|, BASIC SHEATH AND EACH LAYER FLOODED WITH ASPHALT 
COMPOUND, COATING OF WHITING APPLIED TO FINISHED CABLE, 


2. BASIC SHEATH FLOODED WITH THERMOPLASTIC CEMENT, 


3. EACH LAYER PROTECTION FLOODED WITH ASPHALT COM- 
POUND, COATING OF WHITING APPLIED TO FINISHED CABLE, 


phone circuits. From the corrosion 
standpoint lead is satisfactory in dry sur- 
roundings but susceptible to corrosion in 
a wet environment if stray eleetrical cur. 
rents or corrosive soil conditions exist, 

In addition to the primary conditions 
noted above lead is very adaptable to 
forming during the installation opera: 
lions, Also, the sheath integrity is made 
continuous across a splice by hot-wiping a 
lead sleeve direetly to the lead sheath, 

Alpeth and Stalpeth Sheath: Alpeth 
sheath which is shown in Figure 2 con- 
sists of an 0,008-inch aluminum tape ap- 
plied longitudinally with overlap and an 
extruded polyethylene outer jacket. The 
seam in the aluminum is filled with a 
polyisobutylene cement, and a flooding of 
rubber thermoplastic cement applied 
over the aluminum forms a bond be- 
tween the aluminum and polyethylene, 
The manufacturing equipment for this 
design is shown in Migure 5, 

This sheath is a postwar development, 
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The scarcity of lead, lead controls, and 
high lead price all pointed out the im- 
portance of having a substitute sheath 
available, and if possible a more econom- 
ical one, The problem was not an easy 
one, however, as all materials used would 
have to be in plentiful supply and at a 
reasonable cost. Also any sheath de- 
veloped would have to fulfill to a reason- 
able degree all the obligations previously 
discussed for lead sheath, 


Investigation of materials and ap- 
plication techniques indicated that metals 
or metal alloys were not particularly prom- 
ising, Development of plastics during 
the war years, however, had proceeded 
at a rapid rate and there were several 
that showed promise, Plastics, in con- 
trast to metals, permit passage of moisture 
and in this respect polyethylene appeared 
to be the most logical choice since its dif- 
fusion constant is lower than other com- 
mercially available plastics, The mechan- 
ical characteristics of polyethylene are 
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likewise excellent. It is tough and abra- 
sion resistant and can be readily extruded 
at temperatures in the range of 300 to 
500 degrees Fahrenheit. It does not 
become brittle until temperatures well 
below those normally encountered in the 
field are reached and continued flexing 
or vibration does not appear to produce 
the fatigue effect found in metals. 


These characteristics are all excellent, 
but degradation of the polymer will take 
place if it is exposed to sunlight. Bell 
Telephone Laboratories’ chemists found, 
however, that very great improvement in 
aging characteristics could be achieved 
by thoroughly dispersing 2 per cent finely 
divided carbon black in the polyethyl- 
ene.* An antioxidant is also added to the 
compound to protect it during processing 
and to improve its aging characteristics. 

The polyethylene, however, could not 
alone fulfill all of the requirements of a 
sheath as the amount of moisture which 
would diffuse through any jacket of 
reasonable thickness would be intolerable 
and the cable would have essentially no 
protection against lightning or inductive 
interference. A metal was, therefore, 
needed, and the field was readily nar- 
rowed to copper and aluminum with 
aluminum being chosen because of lower 
cost. 


The thickness of the tape decided upon 
was 8 mils which represents a compromise 
between electrical and mechanical con- 
siderations. To obtain the most mois- 
ture-proof seam and maximum longitu- 
dinal conductivity the tape was applied 
longitudinally with an overlapped seam 
which could be sealed with cement. Such 
a tube, however, is not sufficiently flexible 
except for core diameters below approxi- 
mately 0.60 inch, so a means of adding 
flexibility to this structure for the larger 
cables was needed. This was accom- 
plished by precorrugating the aluminum 
tape at right angles to its length before 
forming. With approximately sine wave 
shape and ten corrugations per inch, 
sufficient material is stored up to give 
excellent flexibility to the completed 
sheath. To further improve the moisture 
resisting properties, the aluminum en- 
velope is flooded with thermoplastic 
cement which also adheres to the poly- 
ethylene outer jacket. 


The completed alpeth sheath provides 
good mechanical protection and its 
lightning protective and inductive shield- 
ing qualities are adequate for most situa- 
tions. In fatigue it is better than lead 
and the polyethylene jacket is a corrosion 
resistant covering. The lighter weight of 
alpeth sheath permits the use of longer 
spans. From a moisture barrier stand- 


point it is inferior to lead in service but 
even in this regard the life should be ade- 
quate. 

It is not the intention to replace lead 
sheath completely by a composite sheath, 
but rather to use substantial quantities of 
both types when conditions permit. In 
case of shortages, restrictions or drastic 
price revisions production can then be 
shifted in one direction or the other, as 
circumstances dictate. 

As with any new product there were 
many problems. As explained previously, 
lead splicing sleeves can be readily wiped 
to lead cable but obviously cannot as 
easily be joined to alpeth. An effective 
type of sheath splice has been developed 
but at the present time this joint must be 
accomplished by using adhesive ma- 
terials and a fairly complicated technique 
which increases the cost of the splice. 


Figure 8. Cross-sectional view of double 
wire armored cable 


Many minor problems were encoun- 
tered and solved but a major trouble also 
developed which threatened the very life 
of alpeth cable. About six months after 
production began, field reports started 
coming in to the effect that the poly- 
ethylene sheath had cracked near the 
splice or that cracks had been found after 
removing a cable which would not hold 
gas. The first reaction was that the 
failures were due to structural weakness 
of the polyethylene and test cables were 
subjected to all manner of extreme han- 
dling, which only emphasized the tough- 
ness and strength of the jacket. 

After many blind alleys had been ex- 
plored it was found that certain agents, 
which will be referred to as contaminants, 
would cause polyethylene to crack under 
reasonably mild strain conditions.* 
Among the most active of these surface 
contaminants are detergents and soaps. 
Since splices are often pressurized and 
tested for gas leaks with a liquid soap 
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solution and a compound consisting 
largely of soap was used in certain areas 
as a duct lubricant, it is not surprising 
that failures were reported from the 
field. 

All known contaminants were immedi- 
ately banned, and new types of pressure 
testing solutions and duct lubricants were 
developed and put into use. The most 
important goal was, however, to obtain a 
polyethylene which is crack proof. This 
project has not been completed but great 
improvement has already been obtained 
mainly through increasing the average 
molecular weight of the polymer. Labo- 
ratory tests now indicate that the most 
active contaminants will not crack the 
present alpeth jacket even at strains far 
beyond any to be found in the field. 

The Westérn Electric Company and 
Bell Telephone Laboratories engineers 
then attacked the problem of improving 
the moisture resistance and lowering the 
high splicing cost inherent with the pres- 
ent type splice used for alpeth cable. 
The result is a modification of alpeth 
sheath and is called stalpeth. In this 
construction, which is shown schemati- 
cally in Figure 2 and as a photograph in 
Figure 6, there is a corrugated 0.008-inch 
aluminum tape applied longitudinally 
with slight gap. There is then a corru- 
gated 0.005-nch terne-coated steel tape 
applied longitudinally with a soldered 
overlap. The steel is flooded with ther- 
moplastic cement and over this is applied 
a polyethylene jacket. 

Soldering is the critical operation in 
producing this design. A flat solder strip 
is fed into the overlap in the corrugated 
steel just after forming, and immediately 
thereafter the cable passes underneath the 
work coil of an induction heater. With 
steel, soldering can be accomplished with 
4 to 5 kva with a line speed of 50 feet per 
minute. 

Stalpeth, which in time will replace al- 
peth, is essentially moisture proof. The 
initial cost is roughly the same as alpeth 
since it is practicable to reduce the thick- 
ness of the polyethylene jacket, and 
splicing costs should be considerably 
lower since the steel jacket furnishes a 
surface to which lead sleeves can be 
joined by the wiping technique. Al- 
though for the time being stalpeth will 
only be applied at the plants manufac- 
turing exchange area cable, there is no 
basic reason why this type of sheath could 
not be used for toll cable, except where 
lightning is a problem, if the relative 
supply or price of polyethylene with re- 
spect to lead made this desirable. 


Lepeth Sheath: The basic sheath design 
for lightning protection is called “‘lepeth” 
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sheath. This design, as shown in Figure 
2, consists of a 75-mil layer of polyethyl- 
ene surrounded by a layer of lead. A 
flooding of thermoplastic cement is ap- 
plied between the polyethylene and lead 
layers. 

The 75-mil layer of polyethylene is 
tested at the factory for 3 seconds at 
20,000 volts of direct current and has an 
impulse voltage breakdown rating of 
30,000 volts. This high impulse voltage 
rating and the low resistance of the lead 
covering provide excellent electrical pro- 
tection against lightning. For example, a 
buried lepeth cable with a core diameter of 
1.57 inches has a sheath resistance of ap- 
proximately 1.5 ohms per mile. When 
installed in soil that has a resistivity 
equal to or less than 1,800 meter-ohms 
the sheath will be electrically immune to 
strokes that place less than 150,000 am- 
peres on the sheath. In localities where 
the number of thunderstorm days per 
year does not exceed 50, the probability 
of failure due to lightning would be ap- 
proximately one or less failure per year 
per 1,000 miles of sheath. 


PROTECTIVE COVERINGS FOR Basic CABLE 
SHEATH 


This section describes the protective 
coverings which are applied, when neces- 
sary, over the basic sheaths that have al- 
ready been described. These protective 
coverings have, to date, only been applied 
to the plain lead and lepeth basic types. 
Protective coverings could be applied 
over stalpeth or alpeth sheath if desired. 
Figure 7 gives a pictorial description of 
the various protective coverings. 


Jute Protected: Buried cables with 
plain lead or lepeth basic sheaths may be 
“jute protected.” This design, Figure 
7(A), is relatively inexpensive and pro- 
vides good protection against the hazards 
of the plowing-in operation. It is used 
where corrosion, power line interference, 
gophers, and mechanical damage risks 
do not present special problems. The 
paper, asphalt, and jute covering over the 
basic sheath do not offer any protection 
against lightning in addition to that pro- 
vided by the basic sheath. 


Polyethylene Jacketed: The polyethyl- 
ene jacket type of protective covering is 
used at present only in duct installations 
where corrosion problems are present. 
This design, Figure 7(B), gives excellent 


corrosion protection to the lead under the 
polyethylene because the resistivity of 
polyethylene is very high even when im- 
mersed. The polyethylene covering is 
tough and is scuff resistant; its smooth 
surface allows the cable to be pulled into 
ducts with ease. 


Steel Tape Armored: Aerial and buried 
cables with plain lead or lepeth basic 
sheath may be “‘tape armored”. The 
aerial design, Figure 7(C), consists of a 
layer of jute and two layers of galvanized 
steel tapes. The buried design, Figure 
7(D), is made up of a layer of paper over 
the basic sheath, two layers of jute, two 
layers of steel tape, and two more layers 
of jute; the basic sheath and each layer 
of protection are flooded with an asphalt 
compound and a coating of whiting is ap- 
plied to the finished cable. No asphalt 
compound is used in the aerial design be- 
cause corrosion protection is usually not 
needed and because the asphalt would 
slowly drip from the cable and create a 
public nuisance. 

These designs are intended for use 
where the increased inductive shielding 
provided by the steel tapes is desired. 
They also are used where the moderate 
amount of mechanical protection inherent 
in the steel tapes is advantageous. This 
mechanical protection is effective against 
gophers and against injury by small hand 
tools. 

The buried design is susceptible to 
lightning damage in a way that is rather 
curious. The jute, paper, and asphalt ap- 
plied between the lead and the steel tapes 
act as an insulator between them. Light- 
ning currents may, therefore, arc from the 
steel tapes through this insulation to the 
lead. The explosioa products produced 
by this arc create a high pressure gas 
pocket between the lead and the steel 
tapes which can collapse or flatten the 
cable at the point of entry of the stroke. 
This problem is especially serious where 
the essentially hollow tubes of coaxials 
are involved. 

In order to circumvent this lightning 
problem a modified form of tape armor 
was developed for buried cables. This 
design, see Figure 7(E), consists of a layer 
of alternate lead alloy and paper tapes, 
three layers of steel tape, and two layers 
of jute. The basic sheath and each layer 
of protection are flooded with an asphalt 
compound and a coating of whiting is ap- 
plied to the finished cable. 

This modified design of tape armor re- 
placed the design previously described for 


all buried toll cables exposed to lightning, 


and derives its advantage from the fact — 


that the'lead tape allows lightning and 
rent to travel from the steel tapes to the 
lead sheath without arcing. 


Light Wire Armored: 
strength and abrasion resistance of the 
armor wires used by this design, Figure 


7(F), allow it to be used in a variety of — 


The tensile 


places. Light wire armored cable can be — 


laid over rocky terrain that is not plow- 
able, and can be snaked into locations, 
such as swamps and very rugged terrain, 
that are inaccessible to cable installation 
equipment. It also can be used as buried 
cable across gulleys or other places where 
erosion is likely to expose the cable and 
leave unsupported lengths. This protec- 
tive design also is employed for crossings 
of reservoirs, shallow lakes and streams 
where navigation is restricted to canoes, 
rowboats, and launches. 


Single and Double Wire Armored: The 
single wire armored design employs 
heavier armor wires and thicker lead 
sheath than the light wire armored de- 
sign; these are the only differences be- 
tween the two. The double wire armored 
design is shown in Figures 7(G) and 8. 

Both of these designs are intended for 
submarine use. Single wire armored 
cables are employed in deep lakes, across 
navigable streams and in coastal waters, 
including estuaries, bays, and inlets. 
Double wire armoring is for use under 
unusually severe submarine conditions 
such as locations having fast tides and 
rocky irregular bottoms. 


The cable sheath designs described 


herein are those currently used by the 
Bell System as the practical solution to 
the many problems involved. Some de- 
signs are old; others are new. The de- 
velopments of new materials and manu- 
facturing techniques are continually of- 
fering unexplored possibilities, 
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Synopsis: Renewed interest in resonant 
neutral grounding makes it important to 
have available methods for predicting accu- 
rately voltages and currents under abnormal 
system conditions. In this paper are dis- 
cussed solutions of subsequent faults on 
power systems, often called simultaneous 
faults; included are systems so grounded 
that a single line-to-ground fault is not a 
short circuit. Based on a general selection 
of line locations to be faulted, analyses are 
made by component methods and 3-phase 
methods. Each analysis treats representa- 
tion of the system, unbalance, and measure- 
ments. It is concluded that the component 
methods are more applicable to large sys- 
tems, while small systems are more satis- 
factorily studied by the 3-phase methods. 
Advantages and shortcomings of the various 
solutions are indicated. 


ROUNDING the neutrals of power 
systems plays no part in the actual 
transfer of power from the generating 
stations to the consumers if the system is 
without a fault. Therefore, in the early 
days of power transmission, it was natural 
to operate systems with the neutral 
isolated. Furthermore, several inherent 
features of delta systems* which favor 
continuity of service made it desirable to 
retain a type of system in which a ground 
fault is not a short circuit. 

Extensive load growth, the need for 
system interconnections, and the ad- 
vantages of diversity in system peaks 
soon brought higher voltages and longer 
transmission lines. The resulting system 
expansions manifested themselves in an 
unexpected epidemic of trouble due to 
single line-to-ground faults. Investiga- 
tions indicated that the main problem was 
the elimination of arcing grounds. An 
associated difficulty was the subsequent ** 


*A delta system is one with no metallic connection 
to ground; it is an ungrounded system. 


**Ground faults at different locations on a system 
and on different phases are known as subsequent 
faults. 
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Analyses of Subsequent Faults 


ERIC T. B. GROSS 


FELLOW AIEE 


fault, caused by full system voltage 
stresses (line-to-line) to ground at weak 
points on the system during sustained 
single line-to-ground faults. 

The problem of arcing grounds has been 
condensed to the choice between two 
solutions of seemingly opposite character, 
effective (solid or low reactance) ground- 
ing of the neutral, and resonant neutral 
grounding. With effective neutral 
grounding, each single line-to-ground 
fault becomes a short circuit and is re- 
layed; this answer has been used in the 
United States extensively since the first 
trouble occurred on large delta systems. 
Resonant neutral grounding avoids short 
circuits by making arcing grounds self- 
extinguishing. During sustained ground 
faults, however, the voltages-to-ground on 
the two unfaulted phases rise to line-to- 
line magnitude. 

A resonant grounded system, there- 
fore, has many of the advantageous char- 
acteristics of a small delta system with 
negligible capacitance-to-ground, since 
single line-to-ground faults do not directly 
produce short circuits. However, the 
voltage triangle is shifted for a continuous 
line-to-ground fault; both systems are 
subject to subsequent faults. 

In many, countries abroad, and es- 
pecially in Europe, both underground 
cable and overhead line systems have 
operated for many years with resonant 
neutral grounding, The number of in- 
stallations of Petersen coils in this country 
has slowly but steadily increased, indi- 
cating renewed interest in this grounding 
method.'? Asa result, it is important to 
have available methods for accurately 
predicting voltages and currents under 
abnormal system conditions. 

Subsequent fault solutions have been 
treated by many authors; because of the 
popular practice in the United States of 
grounding solidly or through low react- 
ance, most analyses have been confined to 
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such systems. It is the purpose of this 
paper to review and extend these solu- 
tions to subsequent faults on power sys- 
tems where a single line-to-ground fault is 
not a short circuit. 

Networks may be solved by two basi- 


cally different methods: the network 
analyzer method and the algebraic 
method. ~ 


Network analyzer methods are pre- 
ferred because of the rapidity and ease 
with which they are obtained. As nu- 
merous a-c network analyzers are avail- 
able, the solutions will be discussed from 
this viewpoint. 

Faults will be imposed on two short 
sections of line at x and y as shown in 
Figure 1, with the conductors at x in- 
dicated by A, B, C, and those at y by a, 
b, c. This selection is intended to be 
general, in that it places no restrictions 
whatsoever on the location of the chosen 
line sections. The sections may be por- 
tions of radial feeders at opposite ends of a 
general network. They may be portions 
of lines connecting two general networks 
in any manner, as shown by Vaage,® or 
may be any of the simpler and more 
familiar configurations. A and a are of 
the first phase, B and b of the second 
phase, and C and c of the third phase in 
the order of their normal phase sequence. 
Let Lug, Exe, Eco, and Eag, Eng, Ec, in- 
dicate the voltages-to-ground of con- 
ductors A, B, C, at x and a, B, ¢, at 4, 
respectively. 

Corresponding currents flowing from 
the conductors into the faults are to 
be indicated by Iy¢, Ipe, Icg, and Iaq, 
Ing, Ieg, respectively. Phase A will be 
chosen as reference and faulted to ground 
at x, and phase b so faulted at y. 
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Figure 1 (above). 


Figure 3 (right). 
faults 


Analyses by Component Methods 


The method of symmetrical compo- 
nents has been applied to the solution of a 
multitude of problems involving un- 
balanced system disturbances. For the 
more common problems (single line-to- 
ground faults, line-to-line faults, and so 
forth), solutions have been discussed and 
compiled. Several methods utilizing 
symmetrical component principles for the 
solution of subsequent faults will be dis- 
cussed in the following. 


SEQUENCE NETWORK CONNECTION 


MeEtTHOD 


Representation of System. This gen- 
eral method,*® most familiar to power 
systems engineers, is based entirely upon 
symmetrical components. It requires 
that all three sequence networks be set up 
at the same time. However, no special 
restrictions are placed on the values of 
system sequence impedances and all loads 
and sources of generation may be in- 
cluded. 

For most purposes, short circuit studies 


Figure 2. 


Sequence network connections for 


subsequent AG-bG faults 
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Subsequent faults at locations x (left) and y (right) of a sym- 
metrical 3-phase system 


Clarke component network connections for subsequent AG-bG 


assume zero fault impedance as maximum 
values of short circuit current are usually 
required. In relay application, however, 
this impedance may play an important 
role in the determination of relay operat- 
ing characteristics. Fault impedance ap- 
pears only in the zero sequence network 
at its proper system location with a value 
of three times its positive sequence im- 
pedance. In the resonant grounded sys- 
tem, where representation of the ground- 
ing impedance (Petersen coil) is required, 
an adjustment of the zero sequence net- 
work is made which is similar to that for 
fault impedance. 


Representation of Unbalance. The 
conditions imposed by the symmetrical 
component equations for a fault on phase 
A at x are satisfied by a series connection 
of the left-hand terminals of the positive 
(1), negative (2), and zero (0) sequence 
networks, as illustrated by Figure 2. 

In general, not more than one con- 
ductive interconnection between net- 
works to represent unbalances can be per- 
mitted. Voltage restrictions are intro- 
duced which may not be true restrictions 
and, in addition, there is no assurance 
that proper current division will occur at 
each junction, Therefore, it is necessary 
to represent a second unbalance by con- 
necting the networks through trans- 
formers. 

For the line-to-ground fault at y, dis- 
symmetry of the fault with respect to the 
reference phase (0) leads to further re- 
strictions on the sequence currents and 
voltages in the form of 120-degree phase 
shifts, which may be produced by a phase 
converter, or by phase shifting networks. 
Complete sequence connections are given 
by Figure 2; both switches are closed 
during the fault. 


Measurements. Once properly con- 
nected, the sequence networks may be 
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metered for component currents and 
voltages at any system location. Actual 
phase currents and voltages are obtained 
from the formulas for converting sequence 
quantities. 


NETWORK CONNECTION MODIFIED BY 


CLARKE COMPONENTS 


A set of three voltage or current 
phasors pertaining to the phases of a 3- 
phase system can be replaced by any of a 
number of different sets of component 
phasors. The system of symmetrical 
components is one such set. Another is 
the system of Clarke components.’ The 
use of Clarke components for the solution 
of system unbalances offers in many cases 
distinct advantages, as will be illustrated 
by their application to the present prob- 
lem. 


Representation of System. Transmis- 
sion lines and static apparatus of a sym- 
metrical 3-phase power system have the 
same impedances in Clarke component 
networks as in the positive (Z,), nega- 
tive (Z»), and zero (Zo) sequence net- 
works. In terms of complete self (Zaap) 
and mutual (Z,»,) phase impedances, the 
line impedances are 
La=2p=21=22.=Zaap—Zarp 
Zo. =Zaapt+2Zavp ' 

Generator sequence impedance repre- 
sentation is also the same for cylindrical 
rotormachines. Forsalient pole machines 
the equivalent circuit contains a non- 
reciprocal mutual impedance between the 
a and 6 networks. This quantity de- 
pends upon the difference between the 
direct and quadrature axis reactances 
which, for a modern machine with con- 
nected dampers, are approximately equal. 
The mutual impedance is, therefore, very 
small. Its effect is further minimized by 
the impedances of the lines and equip- 
ment between the faults and the gener- 
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Figure 4 (above). 


n 


[aeo"toe 


Ta2c¢ 


Equivalent Y to replace the zero sequence network (left) and to replace the 


negative sequence network (right) between points x and y and the zero potential bus 


Figure 5 (right). Equivalent circuit to replace faults at x and y in the positive sequence network 


ators. Thus, the nonreciprocal mutual 
impedance may be neglected without 
adversely affecting the results of the 
study. 

All generator sequence impedances are 
then represented in terms of direct and 
quadrature axis reactances as follows 


_8XatXq 
i iar 


Z )=zero sequerice impedance 


For balanced voltages in a symmetrical 
3-phase system, generated a voltages are 
positive sequence voltages. The f net- 
work includes generated voltages which 
are positive sequence voltages advanced 
through 270 degrees, and the zero-net- 
work has no source electromotive forces. 

Thus, the complete a network and 
zero network are the same as the positive 
and zero sequence network, while the B 
network differs only by its generated 
voltages from the negative sequence net- 
work. 


Representation of Unbalance. The 
constraints imposed by a fault at x on 
phase A through fault impedance Z, are 
satisfied by connecting the a and zero 
networks in series and dividing all zero 
network impedances by two. The 6 net- 
work is not involved in this fault. The 
left-hand terminals of Figure 3 illustrate 
the connections. The right-hand ter- 
minals of this figure, using coupling trans- 
formers, are connected to satisfy the 
conditions imposed by the fault at y on 


phase b through fault impedance Zy. 


Note the odd ratio coupling transformers, 
and the values of fault impedance used in 
the networks. 


Measurements. Sequence current 
and voltage distributions throughout the 
system are obtained on the network 
analyzer, and phase quantities computed 
by recombination of Clarke Components. 
Both switches are closed during the 
fault, 
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SUPERPOSITION PRINCIPLE APPLIED TO 
THE NETWORK CONNECTION MretHOoDS 


In general, the interconnections for any 
particular system unbalance can be in- 
troduced by closing or opening a switch 
in the component networks. The pro- 
cedure to be discussed employs the prin- 
ciple of superposition in conjunction with 
sequence network connections and was 
suggested by J. R. Mortlock.® 


Representation of System. Sequence 
networks for either power system are 
connected as discussed for the sequence 
network connection methods. It is 
necessary, however, to make provision for 
switching faults on and off the system. 
Figures 2 and 3 show the switches in open 
positions. 


Representation of Unbalance and Meas- 
urements. The procedure employed 
is: 

1. With switch S, open, close switch 
S; which controls the direct interconnec- 
tions. The sequence networks now rep- 
resent the system with phase A con- 
nected to ground at x. 

2. Meter the networks where system 
quantities are desired and determine the 
voltage across S,. In this manner, the 
current and voltage distributions as af- 
fected by the first fault are obtained. It 
may be pointed out that this fault does 
not produce a short circuit if the system 
is high-impedance grounded. 

3. The current or voltage distribution 
due only to grounding the system at y is 
now found by an operation equivalent to 
closing Sz, that is, by applying across its 
terminals with all system generation 
short circuited a voltage equal and op- 
posite to that determined from the opera- 
tion of S;. 

4. The actual current or voltage dis- 
tribution for the subsequent faults is 
simply the vector sum of the distributions 
due to the closing of S; and S:. Phase 
currents and voltages are given by the 
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usual equations relating sequence com- 
ponents and system quantities. 
“ 


EQUIVALENT Y 


Solutions for subsequent faults as pre- 
viously discussed require some means of 
providing phase shift, or coupling trans- 
formers with ‘“‘odd” turn ratios. While it 
is sometimes possible to provide this 
equipment, a more suitable circuit may be 
derived by following a procedure de- 
veloped by Edith Clarke. !%!! 

Ten equations are written in terms of 
the unknown positive, negative, and zero 
sequence currents and voltages, and of the 
known negative and zero sequence im- 
pedances. There will be twelve un- 
knowns, three voltages and three currents 
for each point of fault. Six of the equa- 
tions pertain to the unbalanced and four 
to the balanced portion of the network 
(two each for the negative and zero se- 
quence networks). The ten equations are 
then reduced to two in terms of positive 
sequence voltages and currents, and the 
known impedances. From these two 
equations, an equivalent circuit is de- 
rived which represents conditions at the 
point of fault and it is inserted in the 
positive sequence network. The network 
analyzer may now be used to obtain volt- 


Figure 6. Connection of forcing transformers 
for use in the 3-phase and neutral method 
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Figure 7. The 3-phase and neutral method 


(A). Zero sequence mutual impedance representation. (B). 


ages and currents at any location in this 
circuit. 

The fault acts as a generator of nega- 
tive and zero sequence voltages. Data 
obtained from the positive sequence net- 
work, and the four equations relating to 
the balanced portion of the system deter- 
The two 
passive sequence networks, after being 
properly energized at the fault points, are 


mine these generated voltages, 


metered at any location for sequence 


quantities, Tinally, all three sequence 
voltages or currents at each desired loca- 


tion are combined to give phase values. 


Representation of System and Unbalance. 
The positive, negative, and zero  se- 
quence networks of the system are com- 
pletely set up on the network analyzer, 
Tor each subsequent fault condition to be 
studied, an equivalent Y between the 
faulted points and neutral of the nega- 
tive and zero sequence network is deter- 
mined (see Figure 4), 
constants are 


These circuit 
then combined into an 
equivalent circuit, shown in Figure 5, 
which is inserted into the positive se- 
quence network between the fault points 
and the neutral bus, 

lor the delta system, the constants of 
the equivalent circuit are; 


TRANSFORMER REPRESENTATION 
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ACTUAL TRANSFORMERS 


Shunt capacitance representation 


ke=sum of negative and zero sequence im- 
pedances as viewed from x with no 

, fault at y 

= Zon t+ Loa + Zoe (1) 
me=suin of negative and zero sequence im- 
pedances as viewed from y with no 

fault at x 

= Zan Zoy + Zoy (2) 


f3 


1 Aon. 

n= AZLon = — 5 Lantkj Fa Zan (3) 
gee aly 

p=aZon = — 5 Zan —j - 2 “Lan (4) 


The constants for the resonant 
grounded system equivalent circuit are: 


k at Zon + Loe t+ Zont Zox (5) 
m= Lon t-Zoy + Zon Zoy (6) 


n= ALgn+-a7Zon 


| Adee ; 
or —5(Zan t+-Zon) ap (Zan — Zon) (7) 


Figue 8 (left). 
Transformer bank 
representation in the 
3-phase and neutral 
method 


Figure 9 (right), 
Three-phase and 
rero sequence net- 
work —_ connections 
for subsequent AG. 
bG Faults, = All 
three transformers 
1:1 
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ae 


p = a*Zmn +-aZyn 7) 


1 Nf Bae 
a — 5 ant Zon) J ve gene (8) 


The voltage H,, is adjusted until the 
current flowing through it to the zero 
potential bus is twice Jig, the current 
entering the fault at w. 


Measurements. It is now a simple 
matter to find currents and voltages’ at 
any system location, In the positive se- 
quence network, conditions at the fault 
points have been represented by the 
equivalent circuit of Figure 5 and se- 
quence quantities are therefore easily ob- 
tained. Equations 9, 10, 11, and 12 for 
the delta system, and equations 11, 12, 
13, and 14 for the resonant grounded sys- 
tem, determine the generated negative 
and zero sequence fault voltage. 

Delta system: 


Egna = —Zozl soa (9) 

Ewa = —Zoylava (10) 

Ema = =(Zyn+Zo2 Lana —Zonl ara (11) 

Eaa = ~Zonl aa ~(Zan+Zoy Lara (12) 
Resonant grounded system: 

Enna = ~ (Zor + Zon) 40a — Zonl aoa (13) 

Ewa = —Zonl sva—(Zoy +Zon Tava (14) 


Positive sequence fault currents, Z4i¢ 
and Jqig, are known from readings pre- 
viously taken. Operating on these cur- 
rents to find the negative and zero se- 
quence components of fault current and 
substituting the new calculated values in 
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either set of the four equations gives the 
required voltage components in the pas- 
sive networks. These voltages are now 
applied and current and voltage dis- 
tribution measured by the network an- 
alyzer. All quantities necessary for the 
evaluation of phase voltages and line 
currents at any point of the system are 
now known. 


Mopiriep EQUIVALENT Y 


Suggested by W. V. Lyon,” this method 
is very similar to Clarke’s except that 
each fault is represented by a single im- 
pedance connected in parallel with the 
positive sequence network at the point of 
fault. The impedance of each shunt de- 
pends not only upon the impedance of 
each sequence network but also upon a 
ratio of the pre-fault positive sequence 
voltages at the fault points. 

The basic steps, that is, determination 
of an equivalent Y for the negative and 
zero sequence networks, are identical to 
those used in the equivalent Y. How- 
ever, as the shunt impedances are func- 
tions of the impedances of all three se- 
» quence networks, the equivalent process 
must also be extended to the positive se- 
quence network. Shunt impedances at 
x and y, Z, and Z,, respectively, in 
terms of the sequence impedances and 
positive sequence prefault voltages are’® 


A(p+Zin)—(R+Zic+Zn) 


Zn=k— 15 
a Bet Zt Zin) — (nt Zn) iti 
Zz 5p ait St Zin) — (n+ Zin) (16) 
A(p+Zin)—(k+Zi2+Zin) 
where 
Eaic 
a ily 
Ea ‘ ) 


After these impedances are inserted in 
the positive sequence network, the re- 
mainder of the solution is identical to the 
equivalent Y. 


Analyses by 3-Phase Methods 


Although it has been general practice to 
use the method of symmetrical compo- 
nents for fault studies of a 3-phase power 
system, it is often possible and sometimes 
more practical to use either phase quanti- 
ties directly or variables other than sym- 
metrical components.'® The discussion of 
Clarke components illustrates the use of a 
modified component system. In the 
following sections, three solutions utiliz- 
ing 3-phase methods are described. Two 
of them require the assumption that the 
positive and negative sequence networks 
are identical, generated voltages excepted, 
but no restriction is placed on the zero se- 
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Figure 10. Triple sequence network connections for subsequent AG-bG faults. 
transformers 1:1 


quence network. As previously pointed 
out, this assumption is not unreasonable 
and does not adversely affect the un- 
balance study. 


THREE-PHASE AND NEUTRAL METHOD 


This method was independently de- 
vised and used on the calculating boards 
at Westinghouse Electric Corporation 
and at the Massachusetts Institute of 
Technology. 


Representation of System. A 3-phase 
4-wire circuit is used to represent the 
power system. The 3-line conductors of 
each system branch are set up with im- 
pedances equal to the branch positive se- 
quence impedance. The impedance of the 
neutral conductor, Z,, is given by 


In =, (Zo~ 21) (18) 


Since positive and negative sequence cur- 
rent components flow only in the line 
conductors, they produce the correct 
voltage drops in the line-to-neutral volt- 
age. Zero sequence currents, when pres- 
ent, produce a line-to-neutral voltage 
drop of 
1 

IqZit+3Lao [5izo=2s) |= taiZ (19) 
which is correct if 32,9 returns in the 
neutral conductor. This requirement is, 
of course, automatically satisfied in all 
radial branches but will not be satisfied, 
in general, for closed loops. However, the 
current may be forced to satisfy this re- 
quirement by the use of ‘forcing trans- 
formers’ in series with one or more 
branches as shown in Figure 6. The best 
procedure, when in doubt as to whether 
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All four 


the current distribution in a branch is 
satisfied, is to check line and neutral cur- 
rents without the forcing transformers. 
If the agreement is not satisfactory, fore- 
ing transformers should be inserted and 
readings again taken. 

For both systems under consideration, 
the effect of shunt capacitance is repre- 
sented by the connections of Figure 7(B). 
C, and Co are positive and zero sequence 
capacitance and C,, is given by 


_ 8G 
~~ A-G 
The Petersen coil is connected at its 
proper system location to neutral with an 
impedance equal to its impedance. 

Power transformer banks may be rep- 
resented on the network analyzer by 
actual transformer banks or, in some 
cases, by simple series impedances (see 
Figure 8); phase shift is not necessary. 

Finally, generator voltages are repre- 
sented by balanced 3-phase electromo- 
tive forces. 


(20) 


n 


Representation of Unbalance. Faults 
are imposed by making the actual fault 
connections; connections to ground are 
made to the corresponding point of the 
neutral conductor. 


Measurements. The following quan- 
tities can be measured directly: line cur- 
rents, residual current (in neutral), line- 
to-line voltages, and line-to-ground volt- 
ages (measured line-to-neutral). 


THREE-PHASE AND ZERO SEQUENCE 
METHOD 


This method, due to E. W. Kimbark," 
differs from the preceding one in that the 
zero sequence current and voltage are 
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excluded from the 3-phase network and 
confined to a separate network. The 
fault connections and methods of meas- 
urement are not quite so simple as in the 
3-phase and neutral method, but the 
correct current distribution is obtained 
without forcing transformers. 


Representation of System. Four net- 
works, designated as A, B, C, D networks, 
are set up. The impedances of each net- 
work are: 


(21) 
(22) 


Only networks A, B, C are energized, 
each electromotive force being displaced 
120 degrees from the other two. 


Representation of Unbalance. Con- 
ditions for a line-to-ground fault at « on 
phase A through fault impedance Z, 
are given by 


Ipg=lIce =0 (23) 


Eag=lLseZz (24) 


Similarly, the following equations give 
conditions for a line-to-ground fault at y 
on phase 6 through fault impedance Z,. 


Ing =1cq =0 (25) 


Eve =LveZy (26) 


These equations, when resolved into 
A, B, C, D components, determine the 
constraints on sequence network connec- 
tions. All conditions are satisfied by the 
connections shown in Figure 9. 


Measurements. Directly measured 
may be:  line-to-line voltages between 
corresponding points of networks A, B, 
C; line-to-ground voltages between cor- 
responding points of networks A, B, C, 
and network D; residual current in net- 
work D; zero sequence voltage in D. 
For phase currents, connect the primary 
of a 3:1 current transformer in network D 
and the secondary in parallel with the 
corresponding branch of the phase net- 
work. 


TRIPLE CONNECTION METHOD 


As this method™ combines 3-phase and 
symmetrical component representation, 
it could be classified as either a symmet- 
rical component method or 3-phase 
method. 


Representation of System. Each se- 
quence network is set up in triplicate. 
The three negative and zero sequence 
networks are identical, but the positive 
sequence networks differ from one an- 
other in that the electromotive forces in 
any one of them are 120 degrees ahead 
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of the corresponding electromotive forces 
in another and 120 degrees behind those 
of the third. 


Representation of Unbalance. At 
each point of fault, appropriate network 
connections are made to represent the 
line-to-ground fault. As analyzed above, 
a series connection of the left-hand ter- 
minals of networks 1, 2, 0 meets the re- 
quirements for a single line-to-ground 
fault at x on phase A. The symmetrical 
component equations which determine 
connections for this fault, when multiplied 
by a, then by a, are satisfied by a series 
connection of the left-hand terminals of 
the a1, a2, a0 networks and the a?1, a?2, 
a?0 networks, respectively. The sym- 
metry of each set of networks, plus the 
fact that each set is energized by a gen- 
erator 120 degrees ahead of another and 
120 degrees behind the third, insures the 
120-degree difference in distribution of 
currents and voltages of each complete set 
of networks. 

Circuit restrictions imposed by the 
ground fault at y are satisfied by a series 
connection of the right-hand terminals of 
the 1, a?2, a0 networks. If the constraint 
equations are multiplied by a and a?, re- 
spectively, it may be seen that the right- 
hand terminals of the al, 2, a?0, and 


a*1, a2, 0 sequence networks are also to be © 


connected in series. In making this con- 
nection, the usual restrictions necessitat- 
ing coupling transformers must be ob- 
served, and in this particular case at least 
four of these transformers must be used. 
The completed sequence connection dia- 
gram is shown in Figure 10. 


Measurements. As in all solutions, 
sequence currents and voltages are read 
in any branch. Zero sequence quantities 
are read in the 0 network, positive and 
negative sequence quantities in networks 
land 2, respectively, and combined by the 
usual relations to obtain phase quantities. 
It is also possible to read a or a? times a 
sequence quantity in either the a or a? 
networks, thus saving some work in de- 
termining phase voltages and currents. 
Furthermore, by simple switching and 
combination of proper components 
through current and potential trans- 
formers, phase quantities may be read 
directly. 

A simplification in setting up the net- 
works may be realized if only three net- 
works are completely set up and the 
other six in reduced form. 


Conclusions 


The choice of a particular method of 
solution is almost immediately dictated 
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by the size of the power system under 
consideration. 


COMPONENT MetHops 


1. In general, the symmetrical com- 
ponent methods are more applicable to 
larger systems. However, they are more 
time-consuming for system quantities 
are all obtained by calculation, and,not 
by direct readings, as is the case for the 
3-phase methods. 

2. The sequence network connection 
method has the disadvantage of requiring 
a 120-degree phase shift. Apparatus to 
provide this shift is not standard equip- 
ment on calculating boards, and, there- 
fore, this method cannot be too widely 
used. Adjustment of circuit elements is 
“cut-and-dry”’ and usually time-consum- 
ing. 

3. Problems of phase shift are ob- 
viated by the use of Clarke components. 

4. Application of the superposition 
principle has the particular advantage of 
retaining the physical significance of the 
faults. In addition, distributions of cur- 
rents and voltages due to each fault are 
readily determined. This method has, of 
course, the disadvantages attributed to 
the symmetrical component and Clarke 
component methods. Furthermore, the 
computations required to obtain the final 
results inherently double the time as 
compared to the sequence connection and 
Clarke component methods. 

5. Edith Clarke’s equivalent Y stands 
out as the most desirable method of solu- 
tion. No phase-shifting devices or cou- 
pling transformers are required, and the 
determination of equivalent negative and 
zero sequence circuits is rapid and simple. 
Only one sequence network need be set 
up at one time, permitting the study of a 
large, complex system. 

6. The modified equivalent Y is also a 
desirable method if the positive sequence 
shunt impedances remain constant. It 
has been pointed out that these imped- 
ances are functions of the open circuit 
pre-fault positive sequence voltages. Asa 
result, the shunts are affected by swing- 
ing of generators if the open circuit volt- 
ages are affected thereby, as is generally 
the case. 


THREE-PHASE METHODS 


The 3-phase and neutral method, 3- 
phase and zero sequence method, and the 
triple connection method are to be pre- 
ferred, in general, over all other methods, 
for they have the very desirable ad- 
vantage of direct reading of phase quanti- 
ties. 

1. The first two methods require 4- 
board impedance units to represent one 
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power system impedance, while the 
triple-connection method requires 9-board 
impedances to represent one system im- 
pedance.* - Many of today’s network 
analyzers average 60 impedance units, so 
that all three methods are suited only to 
small or medium-sized systems. 


2. Switching and measurement prob- 
lems incurred by the 3-phase and zero- 
sequence method, and in the ‘“‘reduced’’ 
triple-connection method make the 3- 
phase and neutral method appear as the 
most desirable of all 3-phase methods. 

3. Forcing transformers to insure 
correct current distribution are required 
by the 3-phase and neutral method. 
Furthermore, other coupling transformers 
are usually needed to represent actual 
transformer banks. The number of 
coupling transformers, therefore, on any 
network analyzer further limits the ap- 
plication of this method. 

4, The best field of application of the 


*The maximum number of required network ana- 
lyzer impedance units is reduced slightly when a 
portion of the system does not have a zero sequence 
representation for the study. 


3-phase and neutral method is to net- 
works of small or medium size and prin- 
cipally at one voltage, with only one or 
two equivalent generators. On these 
systems, it is admirably suited to prob- 
lems (such as relay studies) in which 
phase quantities are required. 
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Discussion 


R. D. Goodrich, Jr. (Bureau of Reclama- 
tion, Denver, Colo.): This paper presents 
a very interesting application of the A. C. 
Network Analyzer. It is unfortunate that 
modern systems have grown so large that 
the simple, complete 3-phase representation 
cannot be used in most cases. Indeed it is 
often difficult to find enough units to set 
up the positive sequence network alone. 
With the ideas presented here, however, 
any system can beset up, one phase sequence 
at a time if necessary. 

Perhaps the concept of equivalent circuits 
to represent outlying portions of the system 
should be considered, particularly in the 
case of a resonant-grounded system inter- 
connected with a solidly-grounded system. 
The points of interconnection will include 
isolating transformers which curtail the 
extent of the zero-sequence network as seen 
from the resonant-grounded system. There- 
fore, if the resonant-grounded system is not 
too extensive, its 3 sequence networks may 
be set up completely, utilizing equivalent 
circuits for the positive and negative phase 
sequence networks of the solidly-grounded 
system. No equivalent of the zero-phase 
sequence network would be required. 

It would be interesting to know if a satis- 
factory equivalent circuit can be worked 
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out for parts of a system when the 3-phase 
and neutral method is used. 

I should like to ask the authors if they 
have considered whether or not alternate 
sets of approximations can be added profit- 
ably to the methods presented, if the results 
are to be used exclusively for fault studies 
or for system stability studies. For fault 
studies, for instance, use of an unloaded 
system without line resistance or capaci- 
tance may suffice. 


H. K. Amchin and Eric T. B. Gross: As 
Mr. Goodrich has pointed out, today’s 
power systems are so large that it is often 
difficult to completely represent the positive 
sequence network for a load study, to say 
nothing of making a fault study with all 
three sequence networks or with a 3-phase 
representation. Common use is made of 
equivalent circuits to represent outlying 
portions of a system which are of no interest 
or have little effect on the problem, These 
equivalents often make a different method 
of analysis possible, as suggested in the dis- 
cussion, thereby shortening the time re- 
quired to obtain the desired result. 

Because of the limitation imposed by the 
number of available generators on the 
average network analyzer, it is unlikely that 
more than one or two equivalents can be 
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used in the 3-phase and neutral method. 
In the simpler cases, for example, radial 
feeders and single points of interconnection 
to another system, the usual four terminal 
equivalent with six impedances, three to 
neutral and three between phases, and three 
emf’s, from each phase to neutral, will be 
satisfactory. 

An equivalent for two interconnection 
points to another system or for a loop 
will in general require too many analyzer 
units to be of practical use. 

The use of approximations depends, of 
course, upon the acceptable degree of accu- 
racy. When the various methods are applied 
to circuit breaker and relay studies, it is 
generally satisfactory to neglect line resist- 
ance, especially if the conductors have an 
X/R ratio equal to or greater than two, 
and line capacitance, and use an unloaded 
system. For delta or resonant grounded 
systems, however, representation of line 
resistance, capacitance, and loads may all 
be required for special relay applications. 

Stability studies will tend to be more 
pessimistic when line resistance and capaci- 
tance are neglected. An analysis of each 
individual problem should be made to check 
more exactly the effect of these assumptions. 

We are indeed glad that Mr. Goodrich’s 
remarks gave us the opportunity to clarify 
these points, and we wish to express our 
thanks for his contribution. 
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The Design of Capacitor Units 


for Series Connection 


BROR O, N. HANSSON 
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Synopsis: The fundamental possibilities of 
adapting the design of capacitors to meet 
the special stresses encountered in series 
capacitors are reviewed, The design of the 
Allmanna Svenska Elektriska Aktiebolaget 
units in the Swedish State Power Board's 
series capacitor at Alfta and of a new 
50,000-kva bank now under production is 
described, Possibilities of future improve 
ments are outlined, 


CAPACITOR as used for series in 

stallation is fundamentally an ex- 
tremely simple apparatus constructed of 
only three components, the electrodes, the 
paper, and the impregnating liquid, 

It would, however, be a tremendous 
task to completely treat the question of 
how these three components should be 
selected and treated to make a good 
capacitor, as the possibilities of varying 
the qualities of those components are un 
limited. 

It is possible to so adapt the quality of 
the components and the design as to ob- 
tain a capacitor which is exceptionally re- 
sistant to the especially high short-time 
stresses and discharges a series capacitor is 
exposed to. Some tinusual measures 
which have been taken in the design of the 
Alfta capacitors will be listed here. They 
will be illustrated by a life curve which 
comprises not only the a-c strength 
versus time, but in addition curves or 
points for d-c and impulse strength. Such 
a complete life curve is shown in Figure 1, 
Knowledge of the left-hand part of 
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this curve (impulse strength versus time) 
is still incomplete, This field has only 
been explored during the last decade, 
while the right-hand part, the long time 
a-c strength, is very well known, ‘That 
part has been the scope of much research 
ever since paper cables were introduced, 
more than 50 years ago, The d-e part ig of 
special interest for d-c cables and capac- 
itors and for the d-e testing of capacitors 
and cables, 

The part of the a-c curve which ex- 
tends towards very short times is still 
fairly unknown, Itis, however, that part 
which is most interesting for the design of 
series capacitors, 

VWiret of all it should be stated that the 
right-hand part of the complete curve in 
Iigure 1 (long time a-e breakdown) en. 
lirely depends on the dieleetrie losses and 
the ability of the design to dissipate those 
losses, Long time breakdowns are ther- 
inal breakdowns and show a burnt strue- 
(ure, 

A-c breakdowns which oceur after a 
shorter time also may be thermal brenle. 
downs, but during this short time the heat 
is not dissipated, It is absorbed by the 
heat capacity of the dielectric and the 
armatures, 

A-c breakdowns for very short time, 
impulse and d-e breakdowns resenble 
more mechanical rupture than thermal 


ai 


/) 


ve 


time, the smoother and more clean cut 
the puncture appears, Let up first see 
how sone variations in the components 
affect the life curve, 


The Electrodes 


It might be expected that the ehoice of 
another metal other than aluminum 
might influence the ionization voltage, 
lor the present we are limited to the tse 
of aluminium foils, Aluminium with its 
oxidized surface is chemically indifferent 
and is a good conductor of heat and 
electricity, Greater thickness of the foils 
would give more heat capacity and better 
heat dissipation and would raise the 
whole a-c part of the life eurve, At very 
short times however this raise seems neg 
ligible, 


Paper Density 


A dense paper represents a more diffi- 
cult obstacle for the impulse and d-e 
breakdowns, but on the other hand a 
dense paper means more cellulose content 
in the insulation and therefore higher 
loses and thus reduced strength against 
such a-c stresses ag cause thermal break. 
down, Inereased paper density tilts the 
complete life curve, increasing strength 
for impulse, direet current and short time 
alternating current but lowering the 
strength for long time alternating cure 
rent, Denge paper should obviously be 
used in series capacitors if the design ean 
afford the increased temperature at rated 
voltage, Migure 1, 


Oil Viscosity 


The viseosity of the oil seems to have a 


destruction, The shorter the breakdown — similar influence on the dielectric strength 
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Figure 2 (left). In- 
fluence of oil pres- 
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as the paper density. It must be remem- 
bered, however, that it is difficult to prove 
this definitely as oils with different vis- 
cosities differ chemically. 

The fact is that a more viscous oil will 
give higher impulse and d-c strength, but 
it also may give higher losses and there- 
fore impart a lower long time a-c strength 
to the impregnated paper than a thin oil. 
In the Alfta capacitor an oil thicker than 
transformer oil was used. 


Influence of Cooling 


We do not refer to the relatively small 
increase in impulse and d-c strength ob- 
tained because of the increased viscosity 
of the oil at very low temperatures, but to 
the influence of the thermal design of the 
capacitor on its dielectric strength. 

The heat capacity determines the short 
time a-c breakdown and the heat dis- 
sipation the long time breakdown. A de- 
sign which gives better cooling and lower 
temperature in the insulation lifts the 
right part (=long time a-c part) of the life 
curve upwards. We refer to what has 
been earlier said about the thickness of the 
aluminium foils, and to the ‘foil cooled” 
design as used in the Alfta capacitor, (see 
Figures 3 and 8). 


Destructive, Elimination Testing as 
a Method for Improving Dielectric 
Strength 


A very interesting and effective way to 
improve dielectric strength is to test the 
material until breakdown occurs and then 
disconnect or repair the faulty pieces. 

This method is probably now used by 
all capacitor manufacturers. The capac- 
itors are divided up into many small sec- 
tions and those which break down for the 
test voltage are disconnected. 


sure on dielectric 
strength 
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In Figure 4 the strengths of the dif- 
ferent sections of such a capacitor are con- 
secutively arranged. If 5 per cent of the 
elements are punctured and disconnected, 
the total dielectric strength of the capac- 
itor is increased from 130 kilovolts per 
millimeter to 150 kilovolts per millimeter, 
that is, by 15 per cent. If the number of 
elements was to be increased tenfold (as 
in curve B, Figure 4) then an elimination 
test which punctures 5 per cent of the 
windings would increase the strength from 
130 kilovolts per millimeter to 170, that 
is by 30 per cent. 

For this sorting out of the weak parts of 
the insulation only direct current may be 
used, because a-c tests may cause thermal 
deterioration not only of the punctured 
windings but also of those which are 
nearly as weak as the punctured ones. 
This method improves only the impulse, 
the direct current and perhaps the short 
time a-c strength of the capacitor, but no 
guarantee is given, that the long time a-c 
strength is also improved because that 
strength is highly influenced by spots or 
sections which have high losses. Further 
attention will be given to these facts later 
in this paper. 

If each section has its separate fuse, 
however, this will, regardless of the time 
it takes, disconnect any section which 
does not hold for all the separate or com- 
bined over-voltages the capacitor may 
meet during its life. If each element is 
tested with direct current and has its own 
fuse, both the impulse, the d-c and the a-c 
strength will be improved, Figure 5. 


Oil Pressure 

It is commonly accepted that an in- 
creased oil pressure improves the a-c di- 
electric strength of the impregnated paper 
but that it has no influence on the direct 


current and the impulse strength, Figure 
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Figure 4. Strength of the different elements in 
@ capacitor unit arranged consecutively 


A. The capacitor unit has n elements 
B. The condenser unit has 10.n elements 


Much research on this question, not 
only in connection with our pressure 
capacitors but alse the 880-kv paper 
cable, recently installed at Harspranget 
in northern Sweden, has revealed that the 
above statement is not quite true. At 
the same time the nature of the different 
breakdowns has been made quite clear, 
and it will be of interest to deal with this 
question at some length. 

Capacitor insulation consists of inter- 
leaved layers of paper and oil films. (Ac- 
tually the paper itself has a very com- 
plicated structure—fibers, fibriles, mizel- 
les, and molecules—but this can be dis- 
regarded for the present.) 

The dielectric constant of cellulose is 
5.6 and that of oilis 2.8. With alternating 
current the main stress would therefore 
occur over the oil component. 

With direct current on the other hand, 
the stresses on dielectrics connected in 
series distribute themselves proportional 
to the insulation resistances. For cellu- 
lose and oil these resistances are such 
that with direct current the cellulose com- 
ponent would take the highest stress. 

This working hypothesis has proved of 
great value when judging the stresses in a 
series capacitor at the unusual load it is 
exposed to in service and during tests. 
It might be of interest to review some re- 
cent indirect evidence that the hypoth- 
esis is true. 

A glance at Figure 6 shows better 
than many words what the writer wants 
to express. As regards impulse and 
direct current we formerly were of the 
opinion that the strength of impregnated 
paper was independent of the pressure, in 
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Figure 6, This chart of diagrams over the short 
time dielectric strengths versus pressure illus. 
trates the nature of breakdown in different ma- 
terials, For oll impregnated paper as used in 
cables (with thicker insulation and oil pockets 
between papers) the impulse and dic strength 
appears to be more pressure dependent than 
capacitor insulation 


apite of the fact that the strength of the 
oil is highly dependent on pressure, To 
wards direct current and impulse voltage, 
impregnated paper behaved like a solid, 
Would it not be possible by using an 
oil or other liquid) of poor dielectric 
strength or with very pood insulation re 
distance to cause the breakdown to start 
in the dimprepnant and thus make the 
direet current and impulse breakdowns 
dependent on pressure? Tf we could find 
an timpregnating liquid whieh at some 
temperatures had higher and at other 
femperatures lower insulation resistance 
than eelliloge, then it ought to be pos 
sible Coatudy the nature of the breakdown 
in detail, Up to now we have not sue 
ceeded in this but by decreasing the di. 
electric strength of the oil by means of a 
preastire lower than the atmospheric we 
have succeeded in decreasing the strength 
of the oil so that the strength of the im. 
preynated paper becomes pressure-de 
pendent at direct current and impulse, 
This fact is very important if the de. 
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is such that due to 
contraction of the oil the pressure at low 
temperature may fall below atmospheric, 
As a matter of fact it caused quite some 
anxiety when during the d-e tests at 
Alfta the temperature was —15 degrees 
centigrade, At low temperatures we 
have, however, a compensation for this 
decreased strength in the inereased 
strength due to inereased oil viscosity. 
Vor alternating current the low tempera- 
ture itself means protection when the 
breakdown is of a thermal nature, 


sign of a capacitor 


Ionization 


Nor several decades gas ionization in 
voids has been recognized as the cause for 
the deterioration and breakdown of solid 
cables, Hor some time it was believed 
that oil-filled cables and capacitors prop- 
orly impregnated with thin oil were free 
from such ionization, timproved tech. 
nique, however, developed the ionization 
bridge by the means of which increased 
losses could be traced at stresses below 
breakdown, When once such a bridge 
was out of order, Mr, Bertil Zetterstedt 
invented a new way to discover the 
ionization point, suspecting also that the 
bridge might not be able to trace loss in- 
creases in an infinitely small spot when 
the losses were measured on the whole 
bulk of the capacitor's insulation, 
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He tested a capacitor step by step with 
increasing voltage during 2 minutes. 
After each step at high-test voltage he 
loaded the capacitor for 5 hours with the 
rated voltage and then measured the 
losses. The test voltage at which the 
losses started to increase he named the 
ionization point, 

From Figure 7 it can be seen that high 
oil pressure and thin insulation should be 
used to give a high ionization point. 

It remains to be seen if the ionization 
point thus obtained is a true ionization 
point or if it just indicates the stress at 
which decomposition of the insulation has 
started, In the latter case the ionization 
point should be time-dependent. It also 
might be a combination of both. This 
test method is, however, a very valuable 
tool for tracing a ‘decomposition curve” 
below the life curve, above which the 
capacitor never should be used or tested. 

experience with the Swedish dis- 
charge test for coupling capacitors and 
with capacitors for surge generators and 
for discharge welding has been rather dis- 
couraging, Capacitors are rather sensi- 
tive to discharge. Similar experience has 
recently been gained from the testing of 
220-kv cables with direct current (as a 
substitute for impulse testing), Such a 
220-kv cable would easily withstand a 
1,050-ky d-c test but if due to ionization 
of the air and bad grading of the terminal 
porcelain, that porcelain flashed over, the 
cable would infallibly break down, 

Here again the working hypothesis re- 
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Figure 8 (left), 
Comparison be- 
tween the design of 
Alfta units and new 
capacitor units 
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Figure 9 (right). 
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ferred to previously comes in useful. 


When the d-c voltage is on, the main 
stress is over the paper, but when the a-c 
discharge starts, the main stress shifts 
over to the oil which simply breaks 
down. ‘The stress is too high. If this 
theory is right, an increased oil pressure 
should raise the ‘‘discharge strength” of a 
capacitor. Ample proof is given by the 
test results plotted in Figure 9. 

The fundamental theories behind the 
design of the series capacitor for Alfta 
have now been recapitulated and in the 
following, a description of the construc- 
tion of the units will be given, Figure 8. 

The capacitor units are ‘foil cooled.” 
One of the two aluminium foils which pro- 
trudes out of the winding is tightly pressed 
against the wall of the capacitor tank. 
On the outside this wall has cooling fins. 
Direct metallical conduction of the losses 
from the interior of the capacitor wind- 
ings to the surrounding atmosphere is 
thus established. The other foil is con- 
nected to a leading-through insulator 
soldered to the tank. 

The wall opposite the cooling wall is a 
steel diaphragm, capable of exerting an 
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AMBIENT TEMPERATURE 


per second strength 
of capacitor units for 
Alfta at very short 
time. Each circle 
represents one unit. 
The voltage was step 
by step increased 
when the capacitor 
was given voltage 
shots of the duration 
indicated on the 
diagram 


20 40 60°C 


overpressure of up to 3 —4 atmospheres on 
the oil and capable of taking care of the 
heat expansion of the oil. 

In the Alfta capacitor such a unit was 
divided up into seven windings, each one 
equipped with its own fuse. No series 
connection was allowed inside the tank. 
Many units were in the final arrangement 
connected in parallel. These groups of 
many parallel-connected units were then 
connected in series with similar groups. 
If a breakdown should occur in one small 
winding, the short circuit current would 
be limited! by the series-connected capac- 
ity. The capacity in parallel contains a 
suitable quantity of energy to blow the 
fuse when it is discharged through the 
faulty winding, 

What have we now achieved at the 
Alfta installation? How strong is the in- 
stallation? What is the safety margin? 
Those questions are very difficult to 
answer accurately. 

In the factory all units were tested with 
direct current, six times the rated voltage, 
E, with a few units failing. We may 
therefore be sure that among all the 600 
units at Alfta there must be one unit that 
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just escaped failure and has no safety 
margin for a d-c voltage of 6 & EK. We 
also know that quite a number of units 
were successfully tested with three con- 
secutive discharges from 5 & F (fol- 
lowed by the rated voltage and loss 
measurements) but we do not know 
whether the remaining units would have 
escaped safely from that test. We did 
not want to test all units that way as the 
high-frequency discharge might impair 
the life of the capacitor. At the final 
tests after construction the total bank 
was charged with direct current and then 
discharged through the spark gap that 
was set at 4.2 H. A total of seven 
units failed. Besides real weaknesses 
caused perhaps by transport and han- 
dling, bad weather conditions during one 
of the daysmay have caused these failures. 
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Figure 11. The units may merely by the use 
of nuts and bolts be connected up into banks 


without the use of racks. The figure shows a 
75-kva, 3,000-volt capacitor 


On that occasion it had been very 
difficult to reach full test voltage due to 
leakage on the leading-through insulators. 
This leakage current certainly distributed 
the voltage over the different units rather 
irregularly, 

If any unexpected weakness or over- 
voltage should show up during service, 
the internal fuses would clear these faults 
unnoticeably. Therefore one year after 
installation, the capacitance of each unit 
in the installation was checked. All units 
were found to be intact. Recently, new 
tests were carried out with the purpose of 
obtaining for full size units, the break- 
down strength, (the a-c life curve) for 
very short time. 

_ The result is in the shape of a life curve 
given in Figure 10. In each test, 3- 
capacitor units were tested. Each unit 
was given many shots with gradu- 
ally increased voltage before the break- 
down voltage-was found, Figure 10. 

In future tests each shot will be fol- 
lowed by 24 hours of rated voltage and by 
a check of the dielectric losses in order to 
find the voltage (the ‘‘ionization point’’) 
at which destruction of the insulation 
starts. 

For the design of future series capac- 
itors, confidence and knowledge has been 
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Figure 12. 50,000-kva series capacitor, composed of 30-kva capacitor 
units. This design is proposed for 220 kv. A similar 50,000-kva bank 
for 30 kv is under production 


gained from severe tests and service rec- 
ords and therefore the design of series 
capacitors most probably need not be 
limited by stipulations that the units in 
case of failure should be suitable as shunt 
capacitors. There are possibilities of pro- 
ducing a series capacitor that is specially 
suited for this service, when we know 
fully the stresses to which the capacitor 
may be exposed during its life. 
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One and a half year’s perfect service 
has proved the reliability of the design 
used for the Alfta capacitor. From the 
foregoing it may, however, be seen that 
even that design has its limitation. 

For a new 50,000-kva series capacitor 
now in production we have improved the 
Alfta design considerably, see Figure 8. 

A more compact interior design of this 
unit gives reduced oil volume and thus 
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less oil expansion. This coupled with the 
use of two steel-membranes makes pos- 
sible the use of a still higher oil pressure 
which is less dependent on the tempera- 
ture of the unit. Even at the lowest 
possible ambient temperatures an over- 
pressure of about one atmosphere is en- 
sured. In these units not only one but 
four “cooling” walls are in metallic con- 


tact with the aluminium foils protruding 
out of the windings. 

This 4-sided foil cooling would be super- 
fluous for a series capacitor, but also in 
this case the bank had to be arranged in 
such a way that it possibly might be used 
as shunt capacitor. 

A special feature of the new unit is the 
cooling flanges which are arranged as 4- 


sided mounting flanges. Units may be 
connected up to huge banks without 
racks, merely by nuts and bolts, see 
Figure 11. The arrangement of a 50,000- 
kva series capacitor with these units is 
shown in Figure 12. 
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Calculation on Secondary Networks 
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HE determination of short circuit 
currents in secondary networks by 
means other than with network analyzers 
is inherently lengthy and tedious because 
of the very large number of branches and 
sources involved. Consequently a minia- 
ture of the actual system under con- 
sideration is often used for network study 
and fault current determination. 
Following is a relatively simple ap- 
proximate calculation which agrees satis- 
factorily with the results supplied by the 
network analyzer and yields a relatively 
easy solution in cases for which a-c net- 
work analyzers with large dimensions 
would otherwise be needed. 


The Secondary Network 
Distribution System 


Figure 1 shows in a single line diagram 
the usual construction of a secondary net- 
work distribution system. The secondary 
network forms a solidly connected uni- 
form low voltage grid, with uniformly 
distributed loads along the mains. The 
grid is fed through uniformly distributed 
transformers from a radial high-voltage 
feeder system. 


Equivalent of the Secondary Mains 


Actually the complete uniformity of the 
secondary grid is only an approximation 
of the actual conditions. Here this ap- 
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proximation will be carried one step fur- 
ther. The uniform grid will be replaced 
by a thin conducting plate (I in Figure 2) 
which is equivalent to the grid in the 
sense that corresponding sections of grid 
and plate have equal impedances, except 
possibly for such differences as result from 
the sectionalized nature of the grid. 

In order to make the plate equivalent 
to the grid in this sense, a square section 
of it such as is contained within lines ab, 
be, cd, and da in Figure 1 should have an 
impedance in either of the lateral direc- 
tions which is equal to the impedance of 
one section of the main, z. In the sense 


that resistance equals resistivity 
length/area, this will be the case if: 

ath, f 
Pl da ( 
Nomenclature 


2m = impedance of secondary main 

21= impedance of transformer 

1=length of one section of the mains 

d,= thickness of equivalent plate I in Figure 


d,= thickness of equivalent plate II in Figure 
2 

pi=resistivity of plate I in Figure 2 

p2=resistivity of plate II in Figure 2 

4,= contribution to the 3-phase short circuit 
current by the local transformer 

in = contribution to the 3-phase short circuit 
current by the network 

e=voltage above neutral in general 

e(x)=voltage of the secondary network 
above neutral at distance x from the 
fault 

E=feeder voltage above neutral referred to 
the secondary 

v=voltage drop in the secondary grid 

In(s)=modified Bessel function of the first 
kind zero order 

K((s)=modified Bessel function of the 
second kind zero order 

K,(s)=modified Bessel function of the sec- 
ond kind first order 
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Equivalent of the Transformers 


In a similar manner the transformers 
may be equivalently represented in 
Figure 2 by plate II. This latter plate 
must be homogeneous but nonisotropic. 
It is uniform but conducts current in the 
vertical direction only. If a physical 
picture of this situation is desired plate IT 
may be visualized as consisting of very 
thin insulated vertical wires packed 
solidly together. To make plate II 
equivalent to the actual transformers the 
impedance of one transformer should be 
distributed over the area which it is nor- 
mally feeding. This would be the area of 
square, abcd, in Figure 1 if a transformer 
is connected to each node of the grid. 
This means that: 
posi (2) 
Values of pod./l? for various other trans- 
former distributions are shown in Figure 
3 along with other quantities (a, z, k) 
which will be explained later. 


The Short-Circuit Current 


For short circuit calculations it is 
usually possible to assume that the net- 
work is very large (infinite) in extent, 


STATION BUS 


MAINS 


Simplified diagram of secondary 
network distribution system 


Figure 1. 
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since the contribution to the short circuit 
current by the various parts of the net- 
work decreases rapidly with the distance 
of the contributing part from the fault. 
The value of the short circuit current 
will depend upon the location of the fault 
and reaches its maximum if the short cir- 


This 
maximum short circuit current consists of 
two components: That contributed by 
the local transformer: 


cuit is located at one of the nodes. 


= (3) 


and that contributed by the remainder of 
the network; Z,. 


Completing the Equivalent System 


It is customary to handle the two por- 
tions of the short circuit current sepa- 
rately. Accordingly a disk of unit area 
(radius, a=1/+/7) has been omitted from 
plate II around the point of short circuit, 
F, in the equivalent system, (Figure 2). 
This eliminates the contribution of the 
local transformer, to the short circuit 
current. 

The section of the grid (plate I) which 
falls within the area of the above men- 
tioned dise will have a certain impedance. 
The short circuit currents which are con- 
tributed by the network actually have to 
flow through this impedance. This im- 
pedance however will be computed from 
the actual grid rather than from plate I, 
since obviously the approximation of re- 
placing the grid by a uniform plate would 
break down in the immediate vicinity of 
the fault. 

In Figure 1 the above mentioned disk 
would be represented by a circle, C, with 
radius a=1/.+/zx, which includes a section 
of the four mains adjoining the node on 
which the fault is located. Each of these 
sections has an impedance of ,,/+/7, and 
their resulting impedance is s=2/44/7. 
This impedance has been included in the 
equivalent system of Figure 2 in series 
with a disk of infinite conductivity, ITI, 
which replaces the corresponding section 
of plate I. (Other values of a and ¢ as 
determined by the distribution of trans- 
formers are shown in Figure 8.) 

The influence of the network load on the 
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Figure 2 (left). Equivalent of 
the secondary network  dis- 
tribution system 


Resistive plates! and Il repre- 
sent the secondary grid and 
da 


the transformers respectively. p,—S=42, 


Ideally conductive plate IV 
represents the feeder network. 
The void above the ideally 
conductive electrode II! elimi- | 
nates the contribution of the Gs Bit 
local transformer to the short 

circuit current 


Figure 3 (right), Values of ps, 
a,z, and k® for various trans- 
former distributions 


short circuit currents is relatively small 
and consequently the loads are neglected 
although the method could easily be gen- 
eralized to include them. 

The voltage at the primary terminals 
of the transformers can be considered to 
be unaffected by the short circuit and to 
be equal for all the transformers. This is 
accounted for in the equivalent system, 
Figure 2, by electrode IV, a conductive 
plate with a constant voltage e=F. 

Because of the short circuit the voltage 
at the fault, FP, will be zero. 


Short Circuit Current Calculation 


The differential equation of the equiva- 
lent system is 
d*e 1de 


--+— —— ke = —k®E (Appendix I) (4) 
dx? x dx 


where & is as shown in Figure 3. Its 
solution after evaluating the constants 


tn _ 3 Ki(s) 
$i ee Sm |. , , (Appendix II) 
Kis)+ 2Qarss Ki(s) (5) 
where 
s=ka= sia (6) 
Wwe, 


for all transformer distributions, and g is 
given in Figure 3. Approximate values 
of Ko(s) and Ay(s) can be taken from 
Figure 4(a). (o=0 curve if s is real). 
More exact values are available in tables 
of functions and the literature of Bessel 
functions.! 

There have been published in the 
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literature‘ results of d-c network analyzer 
studies of the short circuit currents in 
secondary networks when the ratio 
2m/% is areal number. The comparison of 
these data with those calculated by equa- 
tion 5 shows quite satisfactory agreement, 
Figure 5. 

Actually both zs, and 3, are complex 
impedances and their respective phase 
angles are markedly different in most 
cases, 2m=|2ml/Bm being predominantly 
resistive and a= |2l/Br being predomi- 
nantly inductive. Consequently s is a 
complex number. 


s=|s|/=¢ (7) 


where both |s| and o are determined by 
equation 6. 

Equation 5 also applies for complex 
Zm and g, since a review of the above deri- 
vation reveals that it is not necessary to 
restrict it to real values for 2», and 2;. 

The basic assumption of the method is 
that the secondary grid and the trans- 
formers which are actually periodically 
repeated, lumped, electric circuits, are 
equivalently replaced by suitable con- 
tinua (Plates I and II). Ina mathemat- 
ical sense such replacement is possible 
whether the line and transformer im- 
pedances are real or complex. The only 
difference is that in the latter case pi 
and p,, as defined by equations 1 and 2, 
will be complex numbers. Now it is true 
that complex resistivity does not actually 
exist as a physical characteristic but this 
only means that it is not possible to build 
a physical model for the equivalent sys- 
tem of Figure 2 for complex values. 
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For purposes of calculation however this 
equivalent system is equally valid for 
either real or complex impedances; con- 
sequently equation 5 also applies for 
complex s, 2, 2m, and z. Ko(s) and K,(s) 
can be calculated for complex arguments 
with the following expressions: 


Ko(s)= |Ko(s)|/vo(s) 
Ki(s)= |Ki(s)|y/1(s) (8) 


Approximate values of Ko, Ky, Y, and 
¥, can be taken from Figure 4 for some 
specific values of o. Tables for more ex- 
act values are available.”* If these tables 
are used 


Kis) =5 [Jo(€**) +3 Yo(pe!?)] 


Ki(s)= 5 Uiloe’*) +4 ¥i(oe'*)] (9) 
where p= |s| and g= —o+90 degrees. 


Sample Calculation 


To illustrate the use of the method let 
it be assumed that 


21 =0.015/85° ohms and zm =0.015/25° ohms 
From equation 6 
s=0.565/—30° or |s| =0.565 and 7 =30° 


Taking the magnitudes from Figure 4(A) 
and the angles from Figure 4(B) 


Ko(s) =0.91/27° and Ky(s) =1.52/38° 


and with Figure 3 and the assumption of 
one transformer being located at each 
corner 


z=0.00212/25° ohm 


Finally from equation 5 
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Figure 4(A) (left). 
of K,(s) and K;(s) for complex s=|s|/—7 


Chart showing magnitude 


Figure 4(B) (right). Chart showing angle of 
K,(s) and K,(s) for complex s=|s|/-o 


” 3,28/49.7° 
u 

From Figure 5 7,/%,=3.25 (which is 
nearly equal to the above value) for an 
impedance ratio having a magnitude 
equal to that in the above example 
(\2m/2= 1) but involving real impedances. 
This means that the difference in |i,/i; 
for real or complex impedances is not very 
large at an impedance ratio of 1. How- 
ever while z,,-and 7, are in phase with each 
other (7,,/2, is real) in the case of real im- 
pedances, in case of complex impedances 
the power factor angle of 7, is smaller than 
that of 2, (by 49.7 degrees in the example) 
as could be expected since the mains have 
a much smaller impedance angle (6) 
than do the transformers (G,). 

If |zm/z;| becomes much larger than 1 
the difference between the magnitudes of 
tn/%, for real versus complex impedances 
becomes much more pronounced, 


Conclusions 


A novel method is introduced for fast 
approximate calculation of short circuit 
currents on secondary networks. Sim- 
plicity of the calculation is achieved by 
representing the secondary grid and the 
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Figure 5. Comparison of calculated data 
with those from the d-c analyzer, in the case of 
purely real impedances 
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transformers by suitable continuous con- 
ductors. Local irregularities of the actual 
secondary network are not considered, 
but even so the accuracy will suffice for 
many purposes. On account of its sim- 
plicity and the small amount of work re- 
quired by its use the method appears to 
be particularly well suited to supply data 
for preliminary design where a large 
number of systems with different com- 
ponents are considered. 


Appendix | 


Since no charge is accumulating in any 
part of the system, the sum of the currents 
flowing into any arbitrary section is zero. 
This statement will be applied to a ring with 
a radius x and thickness Ax which is located 
in plate I around the point of the short cir- 
cuit, F, Figure 6. 


—i(x)+i(x+ Ax)+ Ai=0 
but with Ohms law 


(10) 


2Qrx Ax 
pods 


Ai=— [E—e(x)] (11) 


And since the current density is equal to 
negative voltage gradient times conduc- 
tivity 
lina: , 
(x«) = —2axd,— — e(x) (12) 
PL dx 
Similarly 


fd: 
U(x-+ Ax) = —2a(x-+ Ax)d, — — e(x+ Ax) 
pi dx 
if 
> —2r(x+ Ax)di-— X 
PL 


(Z e(x)+ an Z 42) (13) 


because f(x+ Ax)=f(x)+ Axdf/dx and be- 
comes an equality in the limit when Ax — 0. 
Substituting equations 11, 12, and 13 into 
equation 10 


= 


— WN -—_ 


4 Q| 
i(x) i(x+Ax) 
ilabes 


Sg 


Figure 6. Illustration of the system for which 
the differential equations were written 
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Fox) Ant ex) + Ae Hele) + 
x Ax went x nae oe aes 
p 1 
x[E—e(x)] ‘a Fire's 


Finally letting Ax — 0 and substituting 
from equations 1 and 2 


a 1d 

— e(x)+— —e(x)—ke(x) = —R°E (14) 
dx? x dx 
where 

9h 15 
k 7 (15) 


if transformers are located at each corner, 
otherwise see Figure 3. Introducing the 
voltage drop 


Appendix II 


The general solution of equation 17 is 


v=Alp(kx)+BKo( kx) (18) 
Since on account of the physical nature of 
the system 

v—> Oifx— ~, but Io(kx) > © ifx—> © 
A=0 (19) 
and with equation 16 

e(x) = E— BK (kx) (20) 
or with equation 12 

i(x) =2axBkRKy(kx) (21) 


The total contribution of the network to 
the short circuit current i(@)=7» is the cur- 
rent entering the periphery of electrode III, 


(22) 


v(x) = E—e(x) (16) Figure 2, where x =a and 
Substituting into equation 14: e(a) Sing 
store dv = By=0 (17) substituting this into equations 20 and 21 
Os Kas and eliminating B 
H H i actual i d angl 
Discussion 1. It considers the actual impedance angle 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill.): A systematic study 
of short circuit currents in secondary distri- 
bution networks was undertaken on our a-c 
network analyzer some time ago by one of 
our graduate students,! and an abstract of 
his thesis was later published.2 It may be 
worthwhile to compare the results of this 
paper with the data? received from our net- 
work analyzer study; it resulted in a num- 
ber of curves which make possible a quick 
estimate of short circuit currents in such 
systems. 
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J. Zaborszky and C. F.Cromer: Professor 
Gross’s suggestion to compare the proposed 
method with that of Mr. Banky is appreci- 
ated. 

The two methods actually cover a rather 
different field of application mainly because 
the here-proposed method was developed 
specifically for secondary networks, while 
Mr. Banky’s is predominantly for primary 
networks. On account of their difference in 
field of application the two methods effec- 
tively supplement each other. 

The method proposed in the present paper 
has wider application in the following sense: 
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of the line and the transformer, where Mr. 
Banky’s method is based on the assumption 
of one specific value for these angles (8m =65 
degrees and 6;=90 degrees in the notations 
of the present paper.) 

2. It yields the magnitude and phase angle 
of the short circuit current, where Mr. 
Banky’s method yields only the magnitude. 
8. It is applicable to any transformer dis- 
tribution; Mr. Banky’s method applies only 
to the case when a transformer is connected 
to each corner of the grid. 


Table | 
ir Present Banky 
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4. Being mathematical it is applicable to 
any, no matter how unusual, combination of 
the circuit parameter values. Mr. Banky’s 
experimental method is restricted to the 
domain of these parameters which were 
actually tested. 


Mr. Banky’s method on the other hand 
extends beyond the reach of the method pre- 
sented here in the following respects. 

1. It supplies the value of the short circuit 
current for a fault location at four different 
points along the main, while the here-pro- 
posed method supplies only the maximum 


E K,(ka) Hi 
(23) 


in = 


K\(ka)+—™ Koka) 
Qrkaz 


This equation applies for any transformer 
distribution if k, a, and z are taken from 
Figure 3. Finally with equation 3, equa- 
tion 5 results from equation 28. 
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short circuit current for a fault location on 
or close to the transformer terminals. 
2. It is applicable to a smiall-size network 
even down to the case when the ‘‘network”’ 
consists of only one loop fed by four trans- 
formers. The here-proposed method ap- 
plies only to large networks including a large 
number of transformers and mains. The 
a-c secondary network is always large in this 
sense. 

Nevertheless in spite of these differences 
there is an overlapping area between the 
two methods, where it is possible to compare 
the numerical values yielded by them. The 
fact that only a small portion of the respec- 
tive areas of application overlap for the two 
methods makes such a comparison even 
more desirable, since satisfactory agreement 
in the overlapping region would bolster the 
confidence in the reliability of either 
method, in cases where only one is applica- 


R ble. 


Curve (C) of Figure 3 in Mr. Banky’s 
paper can be compared with equation 5 of 
this paper (assuming 8;=90 degrees and 
Bm=65 degrees). One hundred per cent has 
to be subtracted from the values taken from 
Mr. Banky’s curve (C) to compare with 
equation 5 because curve (C) gives the total 
short circuit current in per cent of the con- 
tribution of the local transformer and equa- 
tion 5 gives the contribution of the network 
in per-unit of the contribution of the local 
transformer. 

The comparison of four values covering 
the length of curve (C) is given in Table 
I of this discussion. 

The agreement is apparently as good as 
the accuracy with which curve (C) can be 
read. , | 
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An Electric Analogue Method for the 


Direct Determination of Power System 
Stability Swing Curves 


W. B. BOAST 
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HE FUNDAMENTAL relationships 

from which stability evaluations can 
be made for electric power systems have 
been well established during the past 30 
years. The mathematical equations 
from which solutions must be obtained 
are in themselves relatively simple and 
easily expressed even for complex net- 
works involving several machines. How- 
ever, the direct solution of the simul- 
taneous equations involved cannot be 
accomplished except by machine methods. 

Step-by-step methods have been de- 
veloped, which, with the use of network 
analyzers for steady-state intermediate 
steps, permit solution of the simultaneous 
differential equations by a rather labori- 
ous and slow process. This paper presents 
a fundamental analogue method for ob- 
taining directly on calibrated d-c cathode- 
ray oscilloscopes the swing curves for 
power systems during disturbance condi- 
tions. 


Fundamental Relationships 


The simplest a-c power system for 
which stability is of interest consists of 
a synchronous machine connected to an 
infinite bus of voltage E, through an in- 
ductive reactance X. The electric power 
output of the machine is given by 


As Ey Eo 


P sin 6 (1) 


where £, is the electromotive force of the 
machine behind the proper total react- 
ance X and 6 is the relative electrical dis- 
placement angle between rotors. The 
angle is positive when E, leads /, in time 
phase. tb s 
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described by equation 3. 


J. D. RECTOR 


ASSOCIATE MEMBER AIEE 


During a short disturbance caused by a 
change in X, the air-gap power P; of the 
electric generator is usually assumed 
constant. The acceleration equation! for 
the simple system then is 

d6 E,E» 


ir eh ea sin 6 (2) 


M 
where M is the angular momentum of the 
generator and its prime mover. 

If the impedance between the machine 
and the infinite bus contains resistance as 
well as inductive reactance, and if the 
damping action of the mechanical system 
is considered, the acceleration equation 
becomes 


a5 
M 


{— =P,—E,?Y, 80 — 
diz i g <gb COS gb 


EE» Yon cos (40-8) -DS (3) 
where Y,» and 6,) are the magnitude and 
angle, respectively, of the transfer ad- 
mittance between the generator and the 
infinite bus, and D is an equivalent damp- 
ing constant? of the machine. If D is 
zero and the complex form of Yj» is 
(1/X)/—90°, equation 3 reduces to equa- 


tion 2. 


Electric Analogue Method for One 
Machine and an Infinite Bus 


Analogous Quantities. | Two different 
physical systems that possess the same 
form of differential equations are called 
analogous systems. The network of 
Figure 1 constitutes an electrical system 
that is analogous to the 2-machine system 
The voltage 
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drop of the capacitor can by proper choice 
be made negligible with respect to the 


other voltage drops in the circuit. The 
remaining voltage equation then is 

d? seal 

oe V—K cos (9—ag)—R — (4) 


dt? dt 


The application of Buckingham’s 7 
theorem® to this system as a model of the 
2-machine system establishes the fact 
that three arbitrary constants can be as- 
signed. These will be called a, b, and ¢ 
in the following relations: 


aqg=6 (5) 
bV=P (6) 
ct =tn (7) 


where a is the scale factor that multiplies 
the charge in coulombs to obtain elec- 
trical degrees of relative rotor position, } 
is the scale factor that multiplies any 
voltage in volts to obtain power in per- 
unit power values, and cis the scale factor 
that multiplies electrical time in seconds 
to obtain mechanical time in the same 
unit. 

From these arbitrary constants, the 
other scale factors can be established by 
applying well-known dimensional-analy- 
sis procedures‘ as 


bc? 


ENE (8) 
a 

and 

ba kp (9) 
a 


An Analogue Computer. The func- 
tion of the dependent variable K cos 
(@—aq) is obtained from an arbitrary 
function device called a photoformer.® 
The photoformer is a device that pro- 
vides an output voltage which is an arbi- 
trary function of the input voltage. Its 
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' 
im = SS | 
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| = 


Figure 1 (left). 
Electric analogue 


----t----, = 


of one machine 


| SWITCHES I 190 
FOR CONTROL |PHOTOFORMER 
OF K,V & @! 


meee eal es see = 
; INITIAL | 


S,  |CONDITION! 
' hae tt Reed 


input voltage is obtained from the dif- 
ference of the displacement (charge) 
measuring system and the @ system as 
shown by the dashed lines of Figure 1. 
This input signal provides the horizontal 
or X-axis deflecting voltage. The photo- 
tube and amplifiers of the photoformer 
force the output voltage to be a cosine 
function of the input by means of a trig- 
onometric mask. The output stage 
is a low-impedance cathode follower 
which incorporates the voltage V needed 
in the analogue. The gain control of the 
output provides a means for setting the 
magnitude of the function K cos (@—aq). 
All amplifiers used in the analogue must 
be capable of amplifying d-c as well as.a-c 
signals. 

In order to simulate power system dis- 
turbances, the coefficient K and the volt- 
ages V and @ must be changed instantly 
one or more times during the period of the 
disturbance. For example, a fault on a 
lossless line may be simulated by an in- 
stantaneous reduction in the value K and 
the following fault clearing may be simu- 
lated by another instantaneous change 
of the value K. (No change in V or 6is re- 
quired for a lossless line.) These changes 
of K are obtained by the timed operation 
of switches in sequence that change the 
gain of the photoformer output amplifier 
from one preset value to another. Both 
the preset values of K (and of V or 8 when 
necessary) and the timing of the switch 
operations must be controlled easily. 

The remaining elements of the com- 
puting circuit consisting of inductance and 
resistance are essentially the same as those 
of the conventional linear electric ana- 
logue, 

The quantity 6 of the term (0—ag) may 
be obtained by positioning the mask along 
the X-axis of the photoformer instead of 
inserting the fixed voltage corresponding 
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and an_ infinite 
bus 


Figure 2 (right). 
Swing curves of 
example for 
clearing times of 
a, 0.2 second; 6, 
0.4 second; c, 
0.55 second 


» 


to 8 as shown in Figure 1, if this procedure 
is more advantageous. 

Swing curves are observed on the 
screen of a conventional calibrated d-c 
oscilloscope which obtains its vertical 
deflecting voltage from the charge meas- 
uring circuit. A switch provides repeti- 
tive solutions at a rate sufficient to estab- 
lish a steady image of the swing curve on 
the oscilloscope. Switch (S,) applies the 
desired initial charge during the “off 
period” of the repetitive solution and 
switch (S,) closes the computing circuit 


during the disturbance period. 


All switch operations of the computer 


must be synchronized and relatively 
timed. In the original investigation, a 
system of ganged synchronous switches 
was used. 

The original computer for this investi- 
gation was assembled from laboratory 
equipment and shop-made devices. 

Experimental Results. A. stability 
problem representing a faulted 2-machine 
system (or one equivalent machine and an 
infinite bus) was used in checking the 
performance of the original computer. 
This problem, a modification of an ex- 
ample from Kimbark,® is represented by 
the following data and swing equations. 


K3cos (Ons aq,+ Cot 


a 
i ee ee eee 


ec apatalins 
a 


d Q3 
ae te 


in 
ee ee a ee en ee ee 


Figure 3. Electric analogue of a 3-machine system with damping neglected — 
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P;=0.8 per-unit power 

89» =90° 

69 =18.1° and (d6/dtm)o=0 

M=0.01465 unit power second? per elec- 
trical radian (or 2.561074 unit 
power second? per electrical degree) 

CQ, =LyE» Voy (during fault) =0.936 per-unit 
power 

C,= Fy Ep Yop (after clearing) =2.06 per-unit 
power 

D=0.0143 unit power second per electrical 
radian 
a5 


During the fault, (0 <t,, <0.4) 


2, 


65 
=0.8—0.936 cos (90° —4) — 


0.01465 = 
dtp? 
0.0143d6/dtm 


After clearance of the fault (0.4 <tm) 


d6 
0.01465 dt, =0.8—2.06 cos (90° —6)— 


0.0143d5/dtm 


The three allowable selections of anal- 
ogous constants are made on the basis of 
physical capability of the computer and 
for convenience of using a certain fixed 
inductor. By the use of equations 5 
through 9, the following relations exist be- 
tween the analogous quantities of the pro- 
totype and analogue: 


oa = 100 
t 
pa =O 
C, 0.936 
eee 0 36 (0<i,<0.4 
iC ales Ga oe (Sin s0.4) 
Cz 2.06 
eee = 20.6 (0.4< 
ae 01 (0 tm) 
be? M 0.01465 ieee 
= — Oo: — 
an 86a 
a 59X108 
ee ee ——— 0.0143 = 84. 
ee oxi 


Figure 2, which is a direct photographof 
the oscilloscope, illustrates swing curves 
for three fault clearing times—0.2, 0.4, 
and 0.55 second. The data of a point-by- 
point’ solution for 0.4-second clearing are 
plotted as circles on the photograph. The 


two methods of solution compare favor- 
ably. 

The output impedance of the photo- 
former amplifier presents one limitation 
that should be considered. Because this 
impedance is a part of the total resistance 
of the analogue computing circuit, there 
is a definite minimum limit of the damp- 
ing factor D of equation 3 which a given 
computer can handle. The coefficient of 
0.0143 on the damping term was chosen 
to conform to this minimum possibility on 
the present computer. 


Application of the Method to 
Multimachine Systems 


When three or more machines are inter- 
connected, several swing equations must 
be solved simultaneously.!_ The accelera- 
tion equations, neglecting damping, are of 
the form 


Do, 
* de 
EF, Ex V2 cos (012-6 +62) —.... — 

E, En Yin cos (6:1 —61+6n) 


=P,—E,* Vy cos 61— 


err = Pig— Ey? Vox cos 022 — 


dt 
Fok Voi cos (02: — 62+6,) — Ske) Dies 
ExEn Von cos (82n — 62+ 6n ) 
eee ie xy, 6 
WEE Sh = 
n di in n° Xnn COS Onn 
EnE, Yn, cos (8n1—5n+61)—....— 
EnEn-1 Vn(n—1) cos (On (n—1) = 
dn+6n-1) (10) 


where Yu, Vn, ... Yn, are the magnitudes 
of the driving-point admittances from the 
viewpoint of the respective electromotive 
forces, Yo, ... Vin are the magnitudes of 
the respective transfer admittances, and 
the @’s are the angles of the corresponding 
admittances where the order of sub- 
scripts is immaterial. 

Figure 3 illustrates an electric analogue 
for a 3-machine system. No switching 
circuits are shown. The voltages labeled 
V with the respective subscripts represent 
the terms of the form Pi,—E,,?Vnn cos 
Onn. These voltages are fixed during an 
interval of the swing curve. 


The differences of the angular dis- 
placements appearing in equation 10 are 
obtained in the analogue from the dif- 
ferences of the voltages of the capacitors 
as shown in Figure 3. Each of these 
differences of voltage is used twice in the 
analogue as is required by the equations. 

For each equation in an m-machine 
system, -1 photoformers and amplifiers 
are connected in series with the respec- 
tive L, V, and C elements forming one 
branch of the -branch network. There- 
fore, n(n-1) photoformers and amplifiers 
are necessary for the general case. If the 
transfer admittances in the original power 
network contain no conductive com- 
ponents, all of the transfer admittance 
angles are 90 degrees and only one half as 
many photoformers are required. How- 
ever, 1(n-1) amplifiers are still required. 

The damping for the multimachine 
system is considered negligible, because 
damping introduces derivatives of the 
differences of the displacements and can- 
not be represented in the analogue by 
simple resistance in each branch circuit. 
Methods can be devised, however, to 
bring in the other displacement effects by 
supplementary amplifiers. In the form as 
shown, the output resistance of the am- 
plifiers must produce negligible voltage 
drops with respect to the other voltages 


_ in the branch to faithfully reproduce the 


case for no machine damping. 
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Discussion 


Alexander Kusko (Massachusetts Institute 
of Technology, Cambridge, Mass.): Engi- 
neers who use the step-by-step method for 
solving transient-stability problems are well 
aware that the procedure is time consuming 
and tedious, in spite of the ease with which 
system-power-flow data can be obtained at 
each step from a network analyzer. For 
this reason, a paper such as this one should 
be highly regarded as a step in the right 
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direction, that is, to apply machine methods 
to the solution of transient-stability prob- 
lems. é 

To be sure, solutions have been carried 
out on the differential analyzer, which can 
solve the electromechanical system equation 
directly; and the job also can be done on a 
digital computer. However, this necessi- 
tates first measuring system parameters 
from a network-analyzer representation and 
then transferring this information to the 
computer. 
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Another means of handling this problem 
was given in a paper by R. Roberts in 1950. 
The scheme described by Mr. Roberts is one 
using small machines connected to a minia- 
ture 3-phase system. Model theory is 
applied to the scaling-down process and the 
proper time constants in the model alter- 
nators are obtained by use of a feedback 
arrangement in the field circuits of the 
machines. System transients are then ob- 
served on an oscilloscope with fault applica- 
tion and switching carried out cyclically. 
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Here, again, the device for solving the 
transient-stability problem is not a working 
network analyzer suitable for day-in and 
day-out power-system studies. 

At the Massachusetts Institute of Tech- 
nology, we have been building a network- 
analyzer phase shifter equipped with a feed- 
back loop relating shaft position with elec- 
trical power output. This feedback loop 
contains computing elements so that if the 
power output of the phase shifter is dis- 
turbed through a change in other sources or 
loads in the network to which it is connected, 
or through a fault applied to the network, 
the phase shifter in question will attempt to 
restore its initial power output by a change 
in shaft angle. The computing elements 
will be so designed and set that the mechan- 
ical transient which the phase shifter under- 
goes will simulate the transient undergone 
by a large machine which it is chosen to 
represent in the system. With all of the 
phase shifters feeding a common network so 
equipped, and with the instantaneous angles 
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of each recorded on a common paper strip, 
the resulting record will be a set of system 
swing curves. The time scale for the opera- 
tion will be so expanded, for example, one 
second on the system equals five minutes on 
the computer, that the fault application and 
subsequent switching can be done manually. 
Damping, governor action, and exciter re- 
sponse also can be introduced easily. 

The implication conveyed by these phase 
shifters is that it will be possible to take a 
static system representation on the network 
analyzer, switch it into a dynamic represen- 
tation for a transient-stability solution, and 
then back again in little time to the original 
representation. But the implications are 
even deeper. 

Having a network analyzer where the 
phase shifters are responsive to signals, we 
can now feed information to the phase shift- 
ers from some sort of a central computing 
device and perhaps start solving problems 
having to do with allocation of generation, 
tie-line control, incremental-loss studies, and 


, 


vs 
so on, where the central computing device 
can vary the phase shifter outputs to seek 
out some optimum condition such as mini- 
mum system losses or some other prede- 
termined criterion. 

To extend our thinking further, we can 
perhaps visualize such a network analyzer 
and central computer directly controlling a 
complete power system with the computer 
using the network analyzer to find optimum 
operating solutions before transmitting ¢om- 
mands to the actual system. This could be 
done continuously, or at time intervals, 
with the computer receiving information 
from all key points in the system and re- 
transmitting operating instructions. 
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Transposition of High-Voltage Overhead 


Lines and Elimination of Electrostatic 


Unbalance to Ground 
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Synopsis: Improvements and new develop- 
ments in both the communications and 
power fields have, for the most part, elim- 
inated the need for transposing high-voltage 
power lines at close intervals. In many 
systems transpositions are made only at 
switchyards and substations. Geometric 
unbalance of untransposed power lines leads 
to residual ground currents in solidly 
grounded systems. Methods of reducing 
the residual ground currents to tolerable 
levels are investigated in this paper. 


N THE early years of high-voltage 

power transmission and until about 
20 years ago the problem of transposing 
the conductors of transmission lines was 
of great importance. Transpositions in- 
fluence the electromagnetic coupling be- 
tween power and communication open- 
wire circuits. Power lines were trans- 
posed primarily in order to eliminate or 
reduce disturbances in the communica- 
tion circuits produced by the geometric 
unbalance of power lines that were oper- 
ating under balanced conditions of volt- 
age and of load current. A by-product of 
transposing each and every power line 
section was the geometric balancing of 
such circuits between terminals, which 
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assured balanced conditions at every 
point of the power transmission system. 

Developments in both the communica- 
tions and power fields have greatly re- 
duced the reasons for transposition of the 
power lines. Increasing use is made of 
underground cables or otherwise shielded 
circuits for communication purposes and 
the communication equipment itself has 
become less susceptible to noise. The 
reduction of mutual interference of metal- 
lic, carrier and other communication cir- 
cuits to a minimum might eliminate any 
need of further attention to residuals. 
Separate rights of way are often used 
for new power and communication cir- 
cuits. Improved design of rotating 
machines and transformers has led to a 
reduction of harmonics in the power cir- 
cuits. 

Experience has shown that many dis- 
turbances on high-voltage lines occur on 
transposition towers; records indicate 
that in some power systems or transmis- 
sion line sections at least one of four out- 
ages is physically associated with a trans- 
position. Many high-voltage systems 
have been built in the last few years with- 
out the use of transposition structures, 
and such structures have also been elim- 
inated in some of the older systems. 
The practice in many systems has been 
changed so that ‘transpositions’ are 
made only in or near the switchyards by 
rearranging phases. 

Leaving off transpositions between 
stations enlarges the effects of geometric 
unbalances of the conductor arrangement 
on the power system itself. It is, there- 
fore, important to analyze and evaluate 
the resulting dissymmetries in order to 
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predict their magnitudes and their ef- 
fects. The available literature contains 
little material dealing with this subject 
and applied to conductor configurations 
of present-day practice in a thorough 
analytical and still practical manner. 
Therefore, it appears desirable to de- 
velop a quantitative method for the 
evaluation of unbalances which are due to 
the elimination of transpositions on line 
sections. 

The effects of geometric unbalance of 
power lines are electrostatic and electro- 
magnetic. Electrostatic effects occur 
under all conditions of operation and are 
essentially independent of the load cur- 
rents in the phase wires. Electromag- 
netic effects depend upon the currents in 
the wires and are negligible on open cir- 
cuit. Since electrostatic effects also in- 
fluence the no-load conditions of power 
transmission, they appear to be of prime 
importance. This investigation deals 
with the study of these electrostatic ef- 
fects. Particular emphasis is placed on 
high-voltage systems (70-kv and above) 
since such systems contain long sections 
between stations or switchyards. With 
few exceptions, systems operating in this 
country at such voltages are ‘“‘solidly 
grounded.” Therefore, it will be assumed 
in the following that the neutrals of power 
transformers are so grounded. 


Unbalanced Current and Ground- 
Displacement Voltage 


The charging current of a transmission 
line can be resolved into two components, 
one is due to the “‘capacitance between 
conductors” and the other is due to the 
“capacitance to ground’’. Capacitances 


Figure 1. Solidly grounded system 
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Figure 2. Ungrounded system 


between conductors, as well as other 
shunt loads, do not directly influence cur- 
rents and voltages to ground and may be 
omitted. With these simplifications a 
system may be represented as shown in 
Figure 1, in which the impedances Zig, 
Zgg, and Zog are the capacitive imped- 
ances to ground of the line section to be 
considered. The current J, in the trans- 
former neutral is the unbalanced (re- 
sidual) current of the section, and its 
value is J, =I4+Ig+Ie, or 


_Fan , Eny , Eow 


I= 1) 
Zag Z3G Zeg ( 


where E4y, Egy, and Eey are the phasors 
of the phase-voltages which are related 
by the phasor-equation 


E,y + Epy+ Ecy =0 (2) 


If the line is balanced to ground electro- 
statically, Z4g= Zgq= Zcg and I, =0. 

The resistive component of the im- 
pedances to ground is usually negligible 
so that the impedances Z may be re- 
placed by the capacitive reactances Xy¢, 
Xx, and X¢q, or expressed by the capaci- 
tances Cyg, Cgg, and Cog. 

Assuming for a moment that the line is 
not solidly grounded through the neutral 
of a power transformer, and referring to 
Figure 2, the phasor equation: 


Ts'+Ie'+I'c=0 (3) 


will relate the three currents to each 
other. If E,, Ez, and E, denote the 
phasor voltages to ground of the three 
phases, equation 3 may be written: 


Ex | Ex, Fo 


= =() 
CECE: SY 


If the voltage from neutral N to ground 
Gis called #,, the relations 


E,=E,y+£, 
Ez = Epy+ E, (5) 
Ec =Ecy +E, 


change equation 4 into 


Ean , Egy . Eon 
= E . 
Ze 


lectzctz|=0 6) 
ZsG Zag Zea. te ( 
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which may be written 


L+E_j= = (7) 


(8) 


+5-+5-= 
Zsq Z3G Zee Ze 


Introducing Ep,, any one of the phase- 
voltages of the system, gives 


} Gta =2hS6 (9) 


in which E,,/Zg=J¢, the ground fault 
current (that is, the capacitive current be- 
tween the faulted phase and ground) in 
the ungrounded (delta) system of Figure 
2. 

Finally, changing equation 9 into a 


scalar equation gives > 
[ful _ | Eo] 

= =d 10 
[tol |Eal i 


Ig can be computed from the zero se- 
quence capacitive reactance X,’, or it may 
be estimated, for example from the equa- 
tion 


I kv (line-to-line) times miles 
¢= 


60 amperes 
: (11) 


for a single circuit overhead line. There- 
fore, I, may be found if d, is known. 

The ratio d,, the ‘ground displace- 
ment’’ in per unit of phase voltage, is 
known for many configurations of lines 
operating at moderately high voltages 
from early investigations which were 
made when the inductive interference be- 
tween power and communication circuits 
was first studied thoroughly. The most 
complete data are contained in a study by 
L. P. Ferris that was made in 1916.} 
However, this investigation did not con- 
sider any lines equipped with overhead 
ground wires (static wires or shield wires), 
as is now accepted practice on most lines 
at the voltages under discussion. In 
the next section of this paper are sum- 
marized some of the results of a study 
concerning the effects of ground wires. 

The ground fault current Ig is propor- 
tional to the length of the line, but d, de- 
pends only on the average heights above 
ground and the geometric configuration of 
the phase and overhead ground wires on 
the towers. Therefore J,, will increase 
directly with the length of the line. Since 
too large a value of J,, may influence the 
correct operation of sensitive ground re- 
lay elements, in addition to introducing 
stray losses in earth and in ground wires, 
it may be desirable to reduce d, of a long 
section in order to limit J, to a certain per- 
missible value. 
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For example, for a 200-mile section’ 
(between two switchyards) of a single- 
circuit 230-kv line, Ig will be approxi- 
mately 300 amperes. With an assumed 
value of d,=5 per cent, I, becomes 15 
amperes. This current would circulate 
through the neutrals of the power trans- 
formers (Figure 1) and cause additional — 
losses. It may be helpful to the industry 
to have data available which indicate 
how d, can be reduced, without trans- 
position structures on the line, but with 
phase transpositions in or near switch-— 
yards. 


Results of Analysis 


The accurate evaluation of d, is a very 
lengthy and laborious task since the 
capacitances to ground of all conductors 
for a unit length of line have to be com- 
puted. Each conductor adds one equa- 
tion to a system of linear equations? with 
the charges and voltages of each con- 
ductor as variables. For example, the 
computation of the ground displacement 
d, of a single-circuit line with the phase 
wires in a horizontal plane (H-frame 
towers) and with two overhead ground 
wires reduces to the problem of solving 
five simultaneous linear equations with 
five unknowns. However, symmetrical 
arrangements of some of the conductors 
lead to simplifications. 

In this analysis the so-called ‘‘Doo- 
little method”’ of solving*® such systems of 
linear equations has been used through- 
out. This practical method has many 
advantages over the rigorous method 
using determinants and it enables easy 
check of errors. All computations were 
made on a standard slide rule. In a few 
cases lines without ground wires were also 
considered and the results checked very 
well with the data given in Ferris’ report.' 


PHASE CONDUCTORS IN HORIZONTAL 
CONFIGURATION 


Since many new lines now are de- 
signed as single-circuit lines with all 


Single-circuit line with raised 
middle conductor 


Figure 3. 
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three conductors on the same level above 
ground, this arrangement was studied in a 
number of variations. 

Three conductors, spaced 32 feet be- 
tween the middle and outer conductors, 
each at an average height of 45 feet above 
ground were assumed. The conductors 
are 1,272,000 circular mil steel reinforced 
alumintim cable. The capacitances to 
ground for this 230-kv line in micromicro- 
farads per mile are? 


Cig = Cog = 10,080 
Caq =9,170 


These values lead (equations 1 and 10) to 
the unbalance d, = 3.12 per cent. 

The addition of two ground wires, each 
of 1/2-inch diameter, reduces the un- 
balance of 2.60 per cent. Following a 
suggestion of A. E. Davison, the middle 
conductor of the 3-phase wires was raised 
and the new unbalances computed. The 
results of these changes are shown in 
Table I (Figure 3). 

There are high-voltage lines in opera- 
tion in this country on which the middle 
conductor is somewhat raised, however, 
this was done for other reasons than be- 
cause of a consideration of d,. If the 
ground wires are nearer to each other, the 
unbalance is reduced, for example d, 
becomes smaller. 

In general, the computations have 
shown that d, is reduced by the addition 
of ground wires on lines with horizontal 
phase relationship and also by an increase 
of the ratio “horizontal spacing between 
phase wires to their average height above 
ground.’’ The practical conclusion of 
these results is that d, decreases with in- 
creasing voltage. The influence of the 
horizontal spacing between the con- 
ductors on d, is much greater than a 
change in the height of the conductors 
above ground. 

Balancing of a configuration of three 
conductors on the same horizontal level 
without ground wires can be done by 
Taising or by lowering the middle con- 
ductor. 

Lowering has a greater effect on 
d, than raising. In general, it would be 
necessary to raise the middle conductor 
more than is practically feasible in order 
to achieve complete balance. For ex- 
ample, a configuration as indicated in 


Table | 


ee — 


Middle Conductor 4'6/" 6/97" 0/0” 
Raised by x 


pri, 120) 2110 
GBA fpf i o.. 10,180...10,210...10,270 
1) SCAR eae ABs Ras CAG) 


Figure 4, but without overhead ground 
wires, and with conductors of 0.528-inch 
diameter leads to Cyg= Cog =7,860 micro- 
microfarads, Cgg=7,040 micromicro- 
farads and d,=3.66 percent. Itis evident 
that a change of the Cg¢ to Cy4g ratio will 
influence d,, and lowering of the middle 
conductor will increase Cgg and reduce the 
unbalance. Some data about such bal- 
ancing are contained in Ferris’ report.+ 

Raising the middle conductor to a good 
height on lines without ground wires will 
greatly expose this conductor to lightning 
strokes and it will act as a shield wire for 
the other conductors. Such reduction of 
the unbalance should be recommended 
only for medium-high-voltage subtrans- 
mission systems (35 kv) that are resonant 
grounded, since arcing grounds produced 
by flashovers on the raised middle con- 
ductors are made harmless through self- 
extinction of the arc. 

The influence of ground wires on the 
electrostatic unbalance is shown in Figure 
4. Two ground wires, if arranged as indi- 
cated in the configuration of Figure 4, 
reduce the unbalance since the computa- 
tion gives Cyg=Ceg=9,360 micromicro- 
farads and Cgg=8,780 micromicrofarads, 
hence d,=2.09 per cent. The ground 
wires were assumed here to have the same 
diameter (0.528 inch) as the phase con- 
ductors. 


PHASE CONDUCTORS IN VERTICAL 
CONFIGURATION 


Vertical arrangement of the phase con- 
ductors also produces relatively large un- 
balances. For the configuration of Figure 
5, without and with ground wire (7) the 
capacitances given in Table II were com- 
puted. All conductors have 0.528 inch 
diameter and the values are in micro- 
microfarads per mile. 

Without ground wires, good balance 
can be achieved by interchanging only the 
two lower phase wires B and C since their 
average is not greatly different from the 
capacitance of the uppermost conductor 
A. An overhead ground wire, (7) in Fig- 
ure 5, changes the picture completely. 
The lowest and highest conductors again 
have the maximum and minimum values 
of capacitance, but in reversed relation, 
and an interchange of the middle and 
highest phase wire would now reduce the 


Table Il 
Without With 
Overhead Overhead 


Ground Wire Ground Wire 


(OV Maeno: (0 OF a ORS aro ween 8,480 
CRG. umes Galen crac ear 7,250 
CCGRRE Hea Ze SOO Reside. others 8,190 
CP Ae Cs On Oe cad wateae sins 4.68 
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Figure 4 (left). Single-circuit line with 
conductors in horizontal configuration 


Figure 5 (right). Single-circuit line with 
conductors in vertical configuration 


” 


unbalance. The knowledge of these facts 
and data is of practical importance for 
the effective interchanging of phase posi- 
tions in switchyards. 

Similar improvement can be brought 
about in double-circuit lines as indicated 
in Figure 6(A). The phase (B) which 
has the middle position on one circuit (to 
the left) should be in the lowest position 
on the other circuit (right) and vice versa. 
Again, ground wires, Figures 6(B), 6(C), 
and 6(D) may reverse the picture. 

As a general rule it is worthwhile men- 
tioning that d, will be smallest in double- 
circuit lines if the arrangement of the 
phases on both sides of the towers is not 
symmetrical relative to the tower. The 
values found for the capacitances in the 
four cases considered in Figure 6 are 
given in Table III. Again all conductors 
are assumed to have a diameter of 0.528 
inch, and the capacitances are in micro- 
microfarads per mile. 


Conclusions 


1. Elimination of transpositions on 
line sections increases circulating residual 
ground currents in solidly grounded sys- 
tems. 

2. These circulating currents may be 
reduced by appropriate arrangements of 
phase and ground wires. 

3. The electrostatic unbalance of 
power lines using H-frame poles and 
towers may be reduced by the addition 
of two ground wires. Increasing the spac- 
ing between the conductors which are in 
the same horizontal plane further im- 
proves the balance. 

4. Better electrostatic balance on 
double circuit lines is achieved if some 
phases are not carried by conductors that 
are symmetrical on both sides of the 
tower, Figure 6. 
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Figure 6. Double-circuit lines 


Appendix |. The Doolittle 
Method for Solving Systems 
of Linear Equations 


The classical approach to the solution of a 
system of linear equations by means of deter- 
minants involves a great amount of work, 
and in spite of this, numerical errors can not 
be easily detected. The Doolittle method, 
which is a modification of one due to Gauss, 
is characterized by the systematic elimina- 
tion of unknowns through elementary proc- 
esses; Animportant feature of this method 
is that every step can be checked. The sum 
of the coefficients of all unknowns on the left 
side of one equation and of its right-hand 
member is called the “check sum,” This 
number is changed in the same way as all 
the coefficients of the equation under con- 
sideration. For example, if the equation is 
divided by a number, the check sum of the 
new equation is equal to the check sum of the 
previous one divided by this same number; 
if two equations are added, the new check 
sum is the sum of the two previous check 
sums, The method will be illustrated by 
applying it to the following three equations: 


1,02%-+-2.11y9-+-0.982 =3.28 (A) 
1,89x%-+- 1,05y+- 1,072 =6.85 (B) 
Table Ill 

Con- 

figura- 

tion as 
Figure 6 A B Cc D 
Caq@ wuaf....18,800,..11,7380,..12,000... 13,010 
Craa@ wuf....10,980,.. =Cag,..11,410... =Caq 
Ceq maf.... =Caq 12,930, ,.12,870...13,600 
Ge Sociales Dare 3,33 $580... o1.44 
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Table IV a 


Coefficients of Right 
Equation x y Zz Member s Si 
Saree renee OOS ssc ninerieney One Onleiserale bts 7.34 
AAR IE SINO O. BOVE hic co Oa aerate sist 7.203 coe ates 7.20 
Aen OLD MINA ore teem i ereraor ablated 
they ates =1.82 00000 6s — 5.99. once se 13. 00s eee oO 
Sa tietelctate 20.745 ooo COU SBR8 ob. 1 SDA eer ei oe 
ieteaiaehaekey s 0) 2G iis Sarees ep ORO s 6 ecenre O} D6 xe ceo 0.96 
DQM: cetera. SAA axessetedteie 2 arebeT ola) eleiants 4.13 Gs 
entire. —B. O25 icc cles 0 HO O5s s ciese ole 22 NO 2 eve ene aera Ci 
MO 0 HT 1D 6 vere voi TEU O ore isin vee — BPA Ora e aee 
rts drqiGnne O94. cccvetatnterene tlt O Se. ainate ees SAB rae site ote 3.46 
ertaaseyys =6.28. once 8. 78.020 30s — 15 0Se eens tomar 
ah aecrtey« 100 Siseneean) dp AO vermaeer. 2:40 eae 2.40 
3.14*x+2.91y—4.172=2.25 (C) 3.386Q:+0.792Q2+0.506Q3+0.756Q; 
=V; (A) 

The solution is given in Table IV. The 799 756 
check-sum by horizontal addition is called S; 0.79201 +3.386Q2+0.79 Ce io (13) 
the one by division or addition is called Sy. 

S and S, should be equal. All operations 0.506Q: +0.792Q2+3.386Qs+0.590Q7 
are carried to two decimal places (same as = V3 (C) 
the original equations). It is believed that 0.7560: +0.756Q2+0.590Q;+3.891Q; 
the various steps need little explanation. = V;(D) 


It is evident that A’ is found by dividing 
A by the coefficient of x; similarly B’ by 
dividing Bz by the coefficient of y, and so on. 

From equation C’ follows immediately z= 
1.4, from equation B’ the value y= —0.66, 
and finally from A’ the value x«=3.19. In 
order to check these values, a substitution in 
C (which was not used directly for the evalu- 
ation of x and y) gives 2.24 on the left, 
which is close enough to the 2.25 on the right 
side of the same equation. 


Appendix Il. Single Circuit 
Line with One Overhead 
Ground Wire 


Figure 7 shows the line configuration 
under consideration. The average conduc- 
tor height above ground is 36!/2 feet, the 
three conductors are 336,400 steel reinforced 
aluminum cable, and the ground wire is 5/16- 
inch diametersteel. From these data follows 
fy =f2=r3=0.3605 inch, r7=0.1562 imch, 
dy. = d23=144 inches, dj3=288 inches, d= 
dx; =183.6 inches, d37=274.1 inches, Dy, = 
Dy» =D3;=876 inches, D7;=1,214 inches, 
Dy = Da = 890 inches, Dy = 923 inches, Dy = 
Do =1,048 inches and D3;=1,068 inches. 

The relations between the charges on the 
conductors and the voltages impressed are 
given by the following equations: 


PurQ+Pi2Q2+PisQs+PuQ:=Vi (A) 
P3301 +P2Q2+P23Qs+P210:= V2 (B) (12) 
Py3Q1+P23Q2+PssQa+Ps1Q7= Vs (C) 
PyQit+PQr+PQs+PnQ:= Vr (D) 


In these equations are the potential co- 
efficients P;x given by the expressions: 


Py = Po» = P3,=log Dy /r; =3.386, 
Py =log Dy/11 =3.891 
Pip = P3= log Dy/di2 =0.792, 
Pis= log Dy3/di3 =0.506 
Py =Px = log Dy1/dy; =0.756, 
P= log Dsz/ds;=0.590 


In our particular case, equations 12 be- 
come: 
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The relations between charges and po- 
tentials also can be expressed in the follow- 
ing form: 


Qi= CuVi-—Ci2V2— Cis Vs— Cir Vz (E) 
Q2= — Ci2Vit Coe V2— Cos Vs — Car Vi (F) 
Q3= — Cis Vi — Cos Vo+ Cas Vs — Car Vz (G) 
Q1 = — Cir Vi— Ca Va2— Car Va-+ Cr Vr (1) 


(14) 


The equations contain altogether ten un- 
known Maxwell coefficients, the capaci- 
tances Cix. 
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Distances from center to center of image D;, 


Figure 7. Single-circuit line with one overhead | 
; ground wire 
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Equations 18 can be solved for Q; if values 
of potential V; are specified. Substituting 
these values of Q; and the same specified 
voltages in equations 14 leads to the values 
of the unknown C;x. Since equations 13 are 
valid for any values of Vz, we may select 
specific values which will simplify the solu- 
tion of equations 14. 

In the first step, we select Vi: =1, Vo=V3= 
V;=0. With these values, the Doolittle 
method gives the solution of equations 13 as: 


Q:=0.324, Q.=—0.058, Q;=—0.027 and 
Q1 = —0.0475 


Applying these values to equation 14 gives: 


Cnu=Q = 0.324, Cr= — Q2=0.058, Cg= 
—Q;=0.027 and Ci = — Q7 =0.047 


In the next step, we select Vo=1, Vi= V3 
=V;=0. The new value Q,’ follows from 
equation (14E) as Q,;’= — Cy =Q2= —0.058. 
The other yalues are found by the Doolittle 
method from the remaining three equations 
(B), (C), and (D) (equation 13) as Q:’= 
0.333, Q3;’= —0.061, Q7’ = —0.044, and with 
the new V-values as selected: 


Cx =a Q,’ =0.3383, Cr =— Q,’ =0.061, 
Cu = — Q,’ =0.044 


~ In the next step, we select V;=1, Vi= 
V:=V;=0, find Q,” and Q,” immediately 


from equations (E) and (F), as Q)” = —C3= 
—0.027 and Qo" = — Cr =—0.061. The re- 
maining two equations (C-13, D-138) give 
Q;”=0.319 and Q;”=—0.031 from which 
C33 = Q3” =0.319 and C37 =— Q," =0.031. The 
capacitances to ground are therefore: 


Cig = Cu— C2—- C3 =0.238 
Cog = Cx — Ci2— Cr3 = 0.213 
Cre = C33 — Ci3— Coa —O25L 


From equations 8 and 1, we have 


Coe = Cie+ Get Cig, and raf 


=wEay( Cig t+a?Crg+a Cie) 
therefore 
| Cie+0?Crg-+a Coo 
Cg = 00 ee eee IO 
j Cat Coat Cre ‘ 


If the C-values are desired in micromicro- 
farads per mile, the values given above 
should be multiplied by 38,830. For this 
example: 

Cig =9,270 puf/mile, Cog =8,290 pupf/mile, 
C3q =8,970 pyf/mile 


The same configuration also was used in a 
calculation for an average conductor height 
above ground of 50 feet 7 inches, with all 
other data unchanged. This modification 
gave 


Cag =8,720 pyf/mile, Cgg=7,790 uuf/mile, 
Cog =8,380 uuf/mile 
d,=3.29% 


The result indicates that d, does not change 
greatly when the same conductors, in equal 
relative spacings, are raised from 36!/» feet 
to 50 feet. The capacitances to ground, 
however, are decreased by about 6 per cent. 
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Discussion 


J. A. Rawls (Virginia Electric and Power 
Company, Richmond, Va.): The subject 
paper by Messrs. Gross and Weston pre- 
sented the problem in an excellent manner. 
The information in this paper is very inter- 
esting and valuable and should be of mate- 
rial help to transmission engineers and 
designers. 

I have been fortunate in being connected 
with transmission work for over 20 years. 
During this period we have constructed 
approximately 1,000 miles of 110- and 132- 
kv transmission lines. The majority of 
these lines have been of wood H-frame con- 
struction, many of them with two overhead 
ground wires. Some steel tower lines have 
been constructed using one and two over- 
head ground wires and vertical configura- 
tion with provision for two circuits. 

Prior to 1926, high-voltage lines on our 
system used steel towers with vertical con- 
figuration. On these lines no transpositions 
were made except where the line changed to 
horizontal configuration at stations. In 
most cases a roll was made at each station 
which changed the configuration of the 
conductors for each line section. 

In 1926 we changed to construction with 
wood H-frame horizontal configuration. 
These early lines had transpositions in them 
depending on the requirements of the local 
communication companies. Our experience 
with these early transpositions in wood 
H-frame lines was not satisfactory. In 
order to get proper phase clearance on 
these structures it was necessary to add 
additional guys which made the structures 
very weak electrically and we have had 
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considerable trouble due to lightning split- 
ting the poles and cross arms at these trans- 
position points. These original wood lines 
did not have overhead ground wires. In 
1930 we commended building wood H-frame 
lines with two overhead ground wires. We 
found that it would be quite difficult to 
place transpositions in these lines due to the 
presence of these overhead ground wires. 
After encountering this trouble we tried to 
lay out our new lines so as not to have close 
parallels with communication circuits. We 
have found over the period of the last 20 
years that these lines operated satisfactorily 
without transpositions and we have not had 
difficulty with the communication com- 
panies even though they now have lines 
which are near our lines for considerable 
distances. 

On one old steel tower line where trans- 
positions were made by installing long arms 
on the towers we have recently removed all 
of these transpositions so as to increase the 


mechanical strength of the tower and secure ~ 


additional phase clearance. On a new 
double-circuit steel-tower line that we have 
recently constructed we were careful not to 
have the phases on the two circuits opposite 
each other. On the double circuit wood 
H-frame line which we are planning we are 
considering making the phases on the 
adjacent conductors of the two circuits the 
same. 

I am of the opinion that too many trans- 
positions have been used on high-voltage 
transmission lines in the past and from my 
experience a much more reliable line can be 
built if the transpositions are eliminated. 
The communication companies, whereas 
they preferred transpositions, now find that 
they can take care of their circuits so as not 
to require transpositions. 
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W. W. Woodruff (Tennessee Valley Au- 
thority, Chattanooga, Tenn.): We do not 
transpose our 161-kv circuits. The major- 
ity are of flat configuration; however, at the 
terminal stations double circuit deadend 
towers, with perhaps one or two additional 
double circuit towers, are used to conserve 
space. There is no deliberate transposing 
of conductors, and any that may occur is 
accidental to the transition from horizontal 
to vertical configuration or vice-versa. 

At present our longest line is slightly over 
100 miles. The average length would prob- 
ably be about 50 miles. With lines of this 
average length and the voltage level of 161 
kv, we have experienced no difficulties from 
the lack of transposing. 

Our subtransmission voltages are 69 kv 
and 46 ky. On none of the lines constructed 
by Tennessee Valley Authority have trans- 
positions been used. These lines are rela- 
tively short and have given no trouble from 
unbalanced voltages. 


A. E. Davison (The Hydro Electric Power 
Commission of Ontario, Toronto, Ont., 
Canada): Professor Gross observed a need 
for clarification and amplification of the 
technical features of a distinct trend away 
from frequent transpositions in power sys- 
tems especially those at higher voltages. 

The suggestion was made that this in- 
formation which had evidently been worked 
out at some earlier date should be pub- 
lished. 

Later, it was suggested that an example of 
application of the formula and information 
should also be recorded, so as to be reason- 
ably certain that interpreters and users of 
the method could think along the same lines 
as the authors and use their nomenclature 
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and units. This now has all been done 
concisely in the author’s paper. 

Engineers responsible for the continuity 
of electrical service over great distances are 
always seeking ways and means of eliminat- 
ing discontinuities of which transpositions 
are the best example. Others are change of 
route, dead-ending of conductors, taps, 
sectionalization facilities, and various types 
of discontinuities that may be introduced at 
the request of other types of utilities when 
being crossed-over such as railways, com- 
munication circuits and the more important 
highways. 

Untit recently, transpositions have been 
most prominent at these discontinuities 
which statistically appear to account for at 
least one out of every four outages on im- 
portant high-voltage transmission systems. 
An electrical disturbance seems to travel 
some distance along a standard type of con- 
struction until some discontinuity is reached. 

The authors of this paper have been care- 
ful in introducing and summarizing the 
subject in the early part of their paper. 
This is wise since two groups of interested 
engineers are always quite concerned about 
keeping residual ground currents and other 
disturbances within tolerable limits. In- 
cluded in these groups are all engineers re- 
sponsible for commercial and other types of 
communication and relay engineers within 
an electrical utility. 

A case involving major elimination of 
existing transpositions came up in the 
United Kingdom during and shortly after 
World War II. Interruptions to service 
because of bombing and enemy attack were 
frequently not restored for some time be- 
cause of the difficulties which operating men 
had in finding correct phase relationships at 
a fault which, in the interest of all concerned, 
should be restored quickly. The communi- 
cation interests and the operators of the 
British Grid, in each case publicly owned, 
soon found that the service continuity of 
each group might be improved by a liberal 
elimination of power transpositions. This 
was done. However, insofar as the writer 
knows it was found advisable for the com- 
munication interest to ask for the restora- 
tion of a comparatively small number of 
transpositions in the various high voltage 
systems of that country. This, we under- 
stand was done and it is evident that close 
co-operation can be arranged thereby im- 
proving the service of two types of utilities. 

There is another general statement in this 
connection that should be recognized by all 
engineers concerned. It is almost axio- 
matic that ifallinternal noises, inconvenience 
and interference of a communication system 
are cleared up to a point where the services 
are commercially operative, then there is 
little left by way of transpositions in con- 
trolling emanations from extraneous sources 
such as power transmission lines with the 
possible exception of those close parallels 
where there are both physical and inductive 
hazards. 

This paper has two authors, associated in 
one case with a technical institute and sec- 
ondly with a large electrical utility. It is 
observed that it is a habit of Professor Gross 
when appearing before the technical sessions 
of the AIEE to associate some student or 
interested operating engineer with his 
writing. This practice is commended. 

Discussing briefly the relative merits of 
the so-called “‘rolling’’ and the ‘‘dead- 
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ending” types of transpositions the practice 
of one fairly large utility over 40 years has 
been to use first the rolling transpositions. 
They soon found troubles accumulating 
with this type of transposition largely used 
at lower voltages. After about ten years, a 
change was made because of these ex- 
periences to dead-ending. Presently the 
troubles associated with rolling transposi- 
tion were forgotten because of their elimina- 
tion and because of the incidence of faults 
at dead-ending transpositions which became 
unbearable to the point where there was a 
distinct movement back to rolling trans- 
positions. This trend is now observable as 
a 20-year cycle to a point as in the United 
Kingdom and Europe where all interested 
parties are agreeing as stated by Professor 
Gross that transpositions be kept to a mini- 
mum. 


A. W. Adams (Bonneville Power Adminis- 
tration, Portland, Oreg.): The authors of 
this paper are to be complimented on a 
thorough study of this problem, which is of 
great interest to power utilities. 

The Bonneville Power Administration has 
recently been giving very careful study to 
the question of whether or not line trans- 
positions should continue to be used and 
we appreciate very much the information in 
this paper. Our study of the unbalances 
agrees in general with the results reported 
by Messrs. Gross and Weston. The practice 
of the Bonneville Power Administration 
system is to make the transposition at a 
single tower by means of jumpers. If the 
tower where the transposition is to be made 
is a dead-end tower, the additional cost for 
the transposition is nominal. However, if 
it is necessary to use a special tower where 
otherwise a light type of tangent tower 
would be suitable, the cost of the transposi- 
tion is increased by a ratio of 5 or 6 to one. 
We are considering allowing leeway in the 
location of the transpositions so that very 
few special towers will be necessary. This 
leeway will be about 15 per cent of the line 
length and transpositions will be eliminated 
entirely from lines under 40 miles in length. 

It appears that the unbalance shown in 
the paper for vertical configurations of con- 
ductors (A) and (B) in Fig. 6 would be satis- 
factory. Transpositions on vertical con- 
figurations of these two types could be 
limited to reversing the position of only two 
of the conductors, as indicated in the paper. 

The authors mention that the circulating 
ground current will cause additional losses. 


.Our calculations indicate that the additional 


losses in the conductors due to the un- 
balanced currents are enough to influence 
the design. For example, the additional 
losses on a 100-mile 230-kv line using 
“Pheasant” type conductor and a loading 
of 600 amperes are 19 kw. The cost of 
transposing the line, if no special structures 
are required, is approximately half the 
capitalized value of these additional losses. 


W. A. Morgan (United States Bureau of 
Reclamation, Denver, Colo.); Investiga- 
tions by the Bureau of Reclamation were 
made as to why a transposition barrel is 
required at all, and there were three reasons 
found: (1) telephone line interference in 
paralleling telephone circuits; (2) unbal- 
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anced voltages; and, (3) continuous residual 
current flow in the circuit. 

After a thorough check with telephone 
engineers, it was found that transpositions 
are of value for reason number one only 
where a close parallel of many miles is in- 
volved. In most cases, parallels with tele- 
phone circuits are only a few miles long. 
The main concern of telephone engineers is 
the high residual current that flows when a 
fault to ground occurs on the transmission 
line, and this causes an induced voltagé in 
the paralleling telephone circuit whether or 
not the power transmission line is trans- 
posed because the zero sequence current 
flows equally in all three phases. Therefore, 
telephone interference was eliminated as a 
reason for requiring transpositions in nearly 
all of the Bureau’s transmission lines. 

Reason number two, unbalance of the 
3-phase voltages, was not considered serious 
in view of the equalizing effect of the 3- 
phase transformer banks and synchronous 
machinery at various points on the system. 

That left reason number three, continu- 
ous residual current flow, as the main item 
whose magnitude we must study so that 
relay pickup setting could be determined to 
prevent the possibility of causing undesir- 
able tripping of ground current relays as 
pointed out in the paper. We did not in- 
vestigate the importance of system losses 
due to residual current flow. On many of 
the Bureau’s long transmission lines it is 
necessary to set these ground relays on their 
most sensitive setting of 0.5 ampere, in 
order to protect for remote faults for mini- 
mum conditions of generation connected. 

Then, there arose the problem of how to 
calculate the value of this residual current 
in an untransposed transmission line. A 
review showed that the text books used in 
college courses all assume a balanced, fully 
transposed line for the basic assumptions in 
deriving the equations. A more advanced 
book gave a partial solution, but did not 
consider both electrostatic and electro- 
magnetic effects simultaneously. A solution 
for simultaneous equations which we de- 
rived in using this advanced book was not 
obtainable. 

Tennessee Valley Authority had reported 
no difficulty on their system with no trans- 
positions. However, TVA’s system is made 
up of shorter line sections and lower volt- 
ages than the 230-kv grids the Bureau is 
building in California, Arizona, and in the 
Missouri River Basin. Therefore, we were 
unwilling to make a major change in design 
practice without knowing the magnitude of 
these residual currents that would flow with 
untransposed transmission lines. 

Thus, when Dr. Gross came to us in July 
1950 for work during the summer vacation 
period at his college, the question of ‘‘what 
is that maximum length transposition barrel 
we can use from a technical standpoint” 
was put up to him as one of the special 
problems we wanted his assistance on while 
we took care of the heavy backlog of routine 
design problems. Dr. Gross came up with 
a solution and, considering probable relay 
settings, current transformer ratios, work- 
ing margin, and other factors, he recom- 
mended 200 miles as the maximum length 
of untransposed transmission line. 

After study the Bureau of Reclamation 
has adopted the practice of 125-150 miles 
as the maximum length line without trans- 
positions until field measurements may be 
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made of the amount of residual current. 
This practice is being followed in the 230-kv 
and 115-kv transmission lines consisting of 
many hundreds of miles of circuit now being 
built in the Missouri River Basin system 
for transmission of power from Garrison 
and Fort Randall power plants in North 
and South Dakota. 

The procedure we follow is equivalent to 
transposing at the main switching points. 
We lay out the network approximately 
geographically with the mileages on the 
various line sections. Then we designate 
the phasing of the various line sections as 
ABC, BCA, and CAB, with no untrans- 
posed section more than about 125-150 
miles long, and try to equalize the system 
so that the total amount of each of the three 
configurations is about equal. Also, we 
check to see whether the resulting unbalance 
at any breaker or switching point is within 
the limit of 125-150 miles when one or 
more are out of service. As soon as some of 
this system is completed we plan to make 
accurate measurements of the residual cur- 
rents on these untransposed lines and will 
report to the Institute if it appears worth- 
while. This may have a bearing on the 
desirability from a practical standpoint of 
elevating the middle conductor of a hori- 
zontal configuration transmission line purely 
from the standpoint of reducing residual 
currents, as brought out in the paper. 

Again, I want to congratulate the authors 
on a fine paper. It is possible that com- 
bined efforts on this problem may see the 
relegation of transposition tower to the 
status of a curiosity of the past. 


R. F. Lawrence and D. J. Povejsil (West- 
inghouse Electric Corporation, E. Pitts- 
burgh, Pa.): The authors are to be con- 
gratulated on their exposition of some of 
the important characteristics of untrans- 
posed transmission lines. The experience 
of the discussors has revealed considerable 
current interest in the subject of trans- 
positions which make additions to the scant 
literature on this topic very welcome. 

In this paper, the authors have discussed 
the communication interference problem 
which might be caused by eliminating trans- 
positions. Actually, noise problems are 
seldom caused by fundamental frequency 
residual currents. Rather, they are caused 
by harmonic currents and transposition 
affects only the induction problem asso- 
ciated with the nontriple series of harmonics. 
This, of course, results from the fact that, 
by definition, the residual or zero-sequence 
components in the several conductors are 
of identical magnitude and phase and, there- 
fore, their resultant electric and magnetic 
fields are not affected by power circuit 
transpositions. Fundamental frequency 
currents are more important from the stand- 
point of induced voltages on communica- 
tion circuits. However, this type of low 
frequency co-ordination generally is deter- 
mined by residual currents, under faulted 
conditions, since these residual currents are 
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much larger than those caused by electro- 
static or electromagnetic unbalance. 

However, residual currents due to the 
elimination of transpositions might be im- 
portant from other reasons. Among these 
is the possible misoperation of sensitive 
ground relays. In this respect, an accurate 
method of calculating residual currents is 
very desirable. 

The authors have confined their study 
to an analysis of the effects of electrostatic 
unbalance of untransposed lines. It is 
stated that electromagnetic effects are 
secondary since they are negligible at light 
load. However, many long lines are oper- 
ated at heavy loadings for extended periods 
of time and our knowledge indicates that 
the residual currents caused by electro- 
magnetic unbalance at these loadings are 
comparable to those caused by the electro- 
static effects. Therefore, it would appear 
that a complete analysis must, of necessity, 
include both electromagnetic and electro- 
static effects especially for the shorter line 
lengths. Since such an analysis is extremely 
complicated, we would appreciate any 
comments which the authors might have on 
these points. 

We are in accord with the authors’ con- 
clusion that in many cases it is impractical 
to manipulate line configuration to reduce 
residual current flow in an untransposed 
line. However, the authors have shown 
several common configurations which yield 
relatively low residual current due to elec- 
trostatic unbalance. The question natu- 
rally arises as to whether such configurations 
also reduce the electromagnetic unbalance 
which exists under loaded conditions. 

One obvious application of the informa- 
tion contained in this paper is found in the 
calculation of the zero-sequence currents 
which would flow in an untransposed trans- 
mission line which is operated as part of a 
resonant grounded system. As shown in 
Figure 1 of this discussion, the zero-sequence 
voltage which is generated by the capacitive 
unbalance is in series with the series resonant 
combination of the zero-sequence capaci- 
tance and the Petersen coil. The result of 
this connection is that a relatively small 
zero-sequence voltage is capable of pro- 
ducing a high voltage across the Petersen 
coil with the result that the system neutral 
is displaced and abnormal heating takes 
place in the Petersen coil. 
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Eric T. B. Gross: It is gratifying that this 
paper seems to be of interest to many operat- 
ing engineers, and there appears to be gen- 
eral agreement as to the validity of our 
conclusions. 
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Figure 2. Transposition of Swedish 230-kv 


(Cour- 


single-circuit double-conductor line. 
tesy Swedish State Power Board) 


J am certain that we all are familiar with 
the transposition structures generally used 
in this country. However, a different and 
unique type of transposition, widely used 
in Sweden for about 30 years, is shown in 
Figure 2 of this discussion. The circuit is 
one of the recently built 230-kv lines with 
double conductors (buendle conductors). 
It appears that such arrangement is par- 
ticularly well suited for transpositions at 
dead-end structures and near switchyards. 

The experiences of Messrs. Rawls and 
Woodruff are of particular interest since 
they refer to large high-voltage systems. 
Mr. Davison’s kind remarks are greatly 
appreciated. The practice in the United 
Kingdom on their 132-kv grid, referred to 
by Mr. Davison, has its equivalent in this 
country where all lines in the systems of 
one very large company, operating thou- 
sands of miles of sections at voltages of 
132 kv and below, have been designed and 
built for many years without transpositions; 
however, transpositions are later added if 
the operation indicates that inductive co- 
ordination makes them desirable. It must 
be added that the number of such trans- 
positions has been remarkably small. 

Mr. Adams is quite correct in stating that 
the losses due to unbalanced currents are 
increased if transpositions are made at 
longer intervals, but the saving is really a 
differential and may be compared with the 
variations in copper losses because of small 
changes in temperature. As pointed out in 
the text and emphasized by Messrs. Davi- 
son and Rawls, the advantages brought 
about by the elimination of transposition 
structures are manifold and it is felt that 
our recommendations are in line with the 
over-all balance of all factors which should 
be considered. 

Mr. Morgan adds most welcome com- 
ments relative to the general problem. The 
study of this problem was undertaken many 
years ago in connection with a question con- 
cerning resonant neutral grounding of power 
systems in which the voltage between system 
neutral and ground is of importance. Very 
satisfactory over-all balance to ground can 
be achieved by appropriate transpositions 
in switchyards,! in spite of unbalances (Eo) 
on each of the line sections as such, Re- 
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newed interest in resonant grounding indi- 
cated the desirability to evaluate the influ- 
ence of ground wires and Mr, Weston par- 
ticipated in this project which we started 
some five years ago. During my work as a 
consultant to the Bureau of Reclamation, 
the same problem came up (though not for 
the open circuit condition ‘Z2,”’ but for the 
short circuit Zy-case) and the solution was 
readily available. However, it has been felt 
sinee then that the problem deserves con- 
tinued consideration and a number of gradu- 
ate students have been assisting in the 
preparation of general data which should be 
helpftil to the industry. We have been 
using various means to find the ground dis- 
placement dy. Different methods can be 
used to derive expressions fer do, analytical 
methods using either the Cyy (as in the 
example of the Appendix) or the potential 
coelcients Pix, but we have also used our 
ae network calculator to solve the equa- 
tions, 

The network analyzer has been help- 
ful for circuits without symmetries, since 
the solution of a large number of equations 
becomes otherwise very lengthy and la- 
borious. 

Messrs. Lawrence and Povejsil point out 
that both electric and magnetic unbalances 
deserve consideration and their comments 


are in line with our own thinking. Both un- 
balances are included in our studies referred 
to, and we hope that some simplification of 
the extremely complicated analysis may be 
forthcoming. It is known that the solution 
which is best electromagnetically? is not 
necessarily best electrostatically and only a 
compromise solution will give optimum 
results. As for their reference to the pro- 
duction of “high voltages across the Petersen 
coil” in resonant grounded systems, a few 
clarifying remarks may be in order: 

1. The unbalance £» of any and each line 
section must not be mixed up with the un- 
balance of the whole system. Transposi- 
tions in stations do as well in resonant 
grounded systems as in any other system, 
and most systems do not® require new 
transpositions when resonant grounding is 
introduced. 

2. The circuit drawn by Messrs. Law- 
rence and Povejsil is incomplete since the 
losses in X; and NXg have been neglected, 
which is not permissible when tuned condi- 
tions are considered. Furthermore, a prop- 
erly designed Petersen coil will saturate at 
or near phase voltage and thereby introduce 
self-detuning of the circuit. High voltages 
will then never be produced. The inclusion 
of the important effects of the losses leads 
to Jonas’ equation’ which enables easy 
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evaluation of “resonance voltages.’*/) For 
example, if Hj =3 per cent of phase voltage, 
the voltage across the Petersen coil will be 
30 per cent of phase voltage if the losses in 
the zero sequence are 10 per cent. Accord- 
ingly, the copper losses of the Petersen coil 
will be only 9 per cent of normal, and the 
total losses still smaller. 

We wish to thank all discussers for their 
valuable and most interesting contributions. 


or 
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ATURATION leads to high current 
peaks in shunt devices and to high 
voltage peaks in series devices. Of par- 
ticular importance among the latter are 
current transformers. They are generally 
designed with magnetizing currents less 
than 1 per cent of their rated full load 
currents; and if their secondaries become 
accidentally open circuited the entire 
current becomes magnetizing current, 
causing high saturation and peaked volt- 
ages in them. Another case is the sensi- 
tive high-impedance relay coils in the 
current-transformer secondaries of dif- 
ferential-protection systems. Normally 
no current flows in these relays, but in 
case of a fault within the protected ap- 
paratus a current of saturating magnitude 
may be forced through them. 

Saturation is frequently thought of as 
limiting the voltage drop across a reactor, 
but this is true primarily of the effective 
value of the voltage. A substantial re- 
duction in the crest voltage also takes 
place, but not as much as in the effective 
value and not enough to remove all con- 
cern over the matter, inasmuch as the 
peak voltage need not be as high as 100 
times normal to require attention. Ten 
times normal voltage also may be serious. 

It is desirable therefore to predict these 
voltages when the circuit constants are 
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known, and to be able to determine them 
experimentally with reasonable con- 
venience and without endangering the 
apparatus, 

Accordingly, a theoretical analysis is 
made in subsequent paragraphs, providing 
both a formula and an insight into the 
physics of the phenomena, and then a 
convenient and safe test method is de- 
scribed. 


Analysis 


The solution of engineering problems 
generally requires both physics and math- 
ematics. Adequate use of physical anal- 
ysis generally provides better insight 
into the phenomena and greatly reduces 
the mathematical burden. Although our 
present problem involves recurrent tran- 
sient phenomena in a nonlinear system, 
physical analysis shows them to be of the 
simplest kind with a well-known solu- 
tion, obviating resort to differential equa- 
tions or the like. The mathematical 
burden will be primarily simplifying 
clumsy expressions by appropriate ap- 
proximations. 

The strategy underlying the attack on 
the problem will be that outlined in detail 


in an earlier article,! the essentials of 
which are as follows, 

Ordinary circuit theory can be applied 
to a nonlinear circuit in two steps when 
the characteristic curve of the circuit can 
be approximated with two straight lines. 
Considering the well-known hysteresis 
loop of an jiron-core reactor, Figure 1, the 
rising or falling unsaturated zone can be 
represented by a straight line; and the 
upper or lower saturated zone, by another 
straight line. 

In a nonlinear device two kinds of im- 
pedances are distinguished: (1) the 
ordinary one, based on the rms current 
and voltage drop in the device, and (2) 
the incremental one, based on the slope of 
the curve. In the unsaturated zone, these 
two values are roughly equal; but in the 
saturated zone, the incremental reactance 
is much lower than the ordinary reactance 
for flux densities alternating between the 
plus and minus saturation values. Capi- 
tal X will be used for the unsaturated and 
x for the saturated incremental reactance. 

Following the arrow along the lower 
portion of the hysteresis loop, the react- 
ance will be the low value x until the 
critical current 7,’ is reached. Past 7,’, 
the reactance will change to the high value 
(X) and will remain so until the second 
critical current 7, is reached. Past this 
current, the reactance drops back to x, 
The rest of the loop repeats a similar proc- 
ess. The critical current 7;’ is so close to 
zero that, for simplicity, it may be as- 
sumed as zero, within the accuracy of 
many other complexities and uncertain- 
ties of saturation phenomena. 

The a-c hysteresis loop differs from the 


Nomenclature 


74 =instantaneous value of current at which 
the core saturates on a rising current, 
Figure 1 

14/ =instantaneous value of current at which 
the core de-saturates on a falling 
current, Figure 1 

Im=crest value of line current, Figure 3 

7=instantaneous current in the branch 
indicated by subscript 

X=unsaturated magnetizing reactance of 
winding, exclusive of eddy currents, 
Figure 2(A) 

x=saturated incremental reactance exclu- 
sive of eddy currents, Figure 2(B) 
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Z=complex value of the impedance of R, r, 
and X in series with each other, 
Figure 2(A) 

Z)=absolute value of Z 

R’=R-+7, Figure 2(A) 

R=equivalent shunt resistance representing 
the eddy current loss 

y=equivalent series resistance representing 
the hysteresis loss, Figure 2(A) 

6=time in radians, 27 feet 

o=angle between the line current and the 
true magnetizing component of the 
current (that is, exclusive of the 
eddies) 
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d-c loop because of induced eddy cur- 
rents. The eddy current paths constitute 
a concealed secondary circuit around the 
core and are therefore a shunt load on the 
reactive device as a transformer. 
current transformer with open-circuited 
secondary does still have a closed high- 
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resistance secondary in its eddy current 
paths. The equivalent circuit of the reac- 
tive device for our purposes will then be 
those shown in Figure 2. 

Figure 2(A) represents the unsaturated 
condition, and 2(B) the saturated condi- 
tion, 7 representing the effective resist- 
ance of the hysteresis loss, and R that of 
the eddy current loss. The conductor re- 
sistance r’, Figure 2(B), is left out of Fig- 
ure 2(A) because it is very small compared 
with the other resistances shown. 

The relative magnitudes of these im- 
pedances may be visualized by the indi- 
cated values taken from a commercial 
current transformer. They will be helpful 
in making approximations to simplify long 
expressions. The ratio of r to X is the 
ratio of the hysteresis watts to the watt- 
less magnetizing volt-amperes (exclusive 
of the eddy currents) in the unsaturated 
zone. This may mean a fraction between 
0.5 and 1.0. The ratio of X to R is the 
ratio of the wattless magnetizing volt- 
amperes to the eddy loss watts. For the 
14-mil steels this ratio may be 0.5—0.2. 
Then R may be two to ten times 7. The 
ratio of the conductor resistance 7’ to r 
may be less than 2 per cent. 

The hysteresis-loss constant (r) is as- 
signed to the unsaturated zone, Figure 
2(A), because Figure 1 shows that moving 
to the right beyond 2; and coming back 


1846 


Figure 1(A) (left). 


Figure 1(B) (above). 


very high flux density. 


Hysteresis loop of an iron core reactor. 
saturated zone. 
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(U) Un- 
(S) Saturated zone 


Hysteresis loop of an iron core reactor operating at 
Loop enlarged in the (H) axis. 


Critical currents 


i, and ix of Figure 3 are shown in the oscillogram 


to it does not enclose an appreciable hys- 
teresis loss area. This conclusion follows 
also from the consideration that the hys- 
teresis loss has to be in the iron, not in 
space, and as the flux in the iron itself 
does not change a great deal in the satu- 
rated zone, no considerable hysteresis loss 
need be expected there. 

During most of the cycle the device will 
be saturated and Figure 2(B) will apply; 
practically all of the current will be flow- 
ing through x with negligible voltage 
drop. As the current approaches zero, 
dipping below 7,’, Figure 1(C) the device 
will desaturate, Figure 2(B) changing to 


“A 
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Figure 1(C). Actual hysteresis loop of an 
iron core reactor operating at very high flux 
density 
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Figure 2(A) and the line current will be 
diverted to the eddy current path R until 
the 7,’ trapped in X dies out and the 
saturating current 7, is built up in it. As 
the circuit saturates past this point and 
its voltage drop becomes negligible, the 
maximum voltage drop will be the re- 
sistance drop in R at the instant that 7; 
is reached in YX, 

Asis shown in Appendix I, after various 
approximations this voltage is estimated 
to be: 


en Rip#1.4°V/ InEpR (14) 


as larger loops generally have steeper un- 
saturated zones and therefore higher 
values of XY. This formula may under- 
estimate the voltage 10-20 per cent. 

A more rigorous formula is given in Ap- 
pendix IT. 


Application to Relay Coils 


A current transformer with a relay coil 
across its secondary may be considered 
as having the relay impedance in parallel 
with R in Figure 2(A). As relay coils are 
saturable as well as current transformers, 
the application of the foregoing analysis 
to such a system requires that we consider 
in what sequence they may saturate. 


RELAY SATURATES First 


If the relay coil tends to saturate first, 
Figure 2(A) applies to the relay coil itself 
directly in its unsaturated condition, and 
maximum voltage associated with this 
unsaturated condition of the relay coil 
may be calculated by equation 14 in 
which J,, now is the maximum value of 
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Figure 2(A). Equivalent circuit of the reactor, unsaturated conditions, 
where R=equivalent shunt resistance due to eddy loss; r=equivalent 
series resistance due to hysteresis loss; X=unsaturated magnetizing 


reactance of winding 


VARIAC R. 


TO MEASURE 


(B) Equivalent circuit of the reactor, saturated conditions, where x = 
saturated incremental reactance of winding 


the secondary current of the transformer 
unsaturated, H;, is the relay coil voltage 
(crest) at the knee of its saturation curve, 
and R the effective shunt resistance of the 
eddy currents in the magnetic circuit of 
the relay coil. The winding resistance 
can be added to 7 in Figure 2(A). 


AFTER THE RELAY SATURATES 


After the relay core saturates, the volt- 
age will drop off very rapidly. The ques- 
tion may arise whether a large RJ voltage 
drop can later be built up across the relay 
coil as the line current rises to its maxi- 
mum. This is verified easily by multiply- 
ing the effective resistance of the relay 
coil with J,,. If this is dangerously high, 
then we have to determine whether the 
current transformer will saturate before 
this voltage is reached. If it will, then the 
maximum voltage will be that point of the 
RI wave at which the current transformer 
saturates. 


CURRENT TRANSFORMER SATURATES 
First 


In this case the unsaturated voltage 
wave of the relay coil will apply up to the 
instant when the current transformer 
saturates, and therefore the instantaneous 
value of the relay coil voltage at the in- 
stant when the current transformer 
saturates will be the maximum voltage 
we are looking for. 


Experimental Checks on Formulas 


CHECK ON THE APPROXIMATE FORMULA 
14 


Data obtained on the current trans- 
former of Figure 5 were as follows: 

The voltage corresponding to the flux 
density at the knee of the excitation curve 
was 450 volts rms (645 volts peak) across 
the 5-ampere winding, hence, 


Ey, =645 
Rated J, =5X1.41=7.05 ampere crest 
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By means of a “‘separation” test, the 
eddy loss at 270 volts rms (nonsaturating 
voltage) was found to be 4.28 watts, the 
hysteresis loss 3.4 watts, the reactive 
volt-amperes 3.38 all at a line current of 
0.031 ampere rms. Hence, 


270? 
4,28 


R= =17,100 ohms 


Putting these constants in formula 14, 


er = 1.4(645 X7.05 X17,100)'/2 
= 12,300 volts 


The tested value from Figure 5 was about 
14,000 volts. 


CHECK ON THE More Exact FORMULAS 
20-23 


The complete circuit parameters re- 
quired by the more exact method are 
those shown in Figure 2. Because some of 
these data are variable and uncertain and 
dificult to determine, how these par- 
ticular ones were determined will be in- 
dicated here in detail. 

The following quantities were measured 
and calculated for Figure 2(A) the un- 
saturated condition of the circuit: 


E=270 volts, 60 cycles 
Exciting current rms =0.031 
Total watts =7.68 
Hysteresis loss =3.4 
Reactive volt-amperes = 3.38 


"LINE 


Figure 3. Tracing of line current: ix 


corresponds to the value at which the core de- ~ 


saturates on a falling current and ix at which 
core saturates on a rising current 
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AIR. CORE 
TRANSFORMER 


ELECTRONIC 
SWITCH 


di /dt 


Figure 4. Schematic diagram for obtaining simultaneous values of 
current-transformer and air-core transformer secondary voltages 


Eddy loss = 4.28 

(v-a),x =(3.42+3.382)'/?=4.8 

trx =4.8/270 =0.0178 

- r=3.4/0.0178? = 10,750 

R=270?/4.28 = 17,100 

R’ =r+R=27,850 

X =3.38/0.0178? = 10,650 

Z=r+R+jX =27,850+ 710,650 

Z=(27,8502+10,6502)'/2=30,000 

¢=tan —!(X/R’)= tan—1(10,650/27,850) 
=().3883 radian 

R'/X =27,850/10,650 = 2.61 

R/Zo=0.57 


From the oscillograms, Figure 1(B) and 
(C), 


4,’ = Im, sin 1! 
=0.0195 


therefore 


6,’ =0.00276 radian 
1, = Ex, / X =645/10,650 =0.06 


The determination of 14 may need some 
comments, 

In the magnified loop Figure 1(B), the 
point 7,’ is reasonably definite, and the 
value of the incremental x in the preced- 
ing zone clearly low enough to be neg- 
ligible. In the approximate formula, the 
product %X was replaced by FE, as a 
single number because /;, could be ob- 
tained with considerable accuracy and 
ease, but the more exact formula calls for 
a,, and X separately and these are difficult 
to obtain separately. Having obtained 
X above in the manner indicated, how- 
ever, the value of 7, was then determined 
to make their product check E;,. 

We determine 0,, corresponding to 7, 
by plotting a curve of various values of 
i, against assumed values of 6,, and inter- 
polating the @ for the pertinent value of 
ee 

With this done, the 0, for 7,=0.06 
was found to be about 0.12 radian. Then, 


diine = 7.05 Xsin 0.12 =0.845 

trp =0.845 —0.06 =0.78 

érp = Rig =17,100 X0.78 = 13,300 
Measured value 14,000 


It must not be inferred, however, that 
results as good as this can always be de- 
pended on. 
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Table |. Data on a 15-Kv Current Trans- 
former* Using Currents of Various Degrees of 
Distortion 

Air Current 
Primary Core, Transformer 
Current, Peak di/dt Peak 
Rms Voltage Maximum Voltage 


Voltage Supplied by a Variac from a Lighting 


Circuit. Series Resistance =7 ohms 
We i ppoe A 330 
Adsense 365 
5 Selene 520 
NEP EERE 660 
Y ce Gotce 780 
re eons : 950 
Oh ae Sinn . 1,040 
LO) ae chia rat T40 
Gab raetina . 1,240 
12). o00 . 1,340 
ASS Foner . 1,440 
be Sebi . 1,500 
BLT acta 1,550 
Voltage Supplied Directly by a Generator. Series 
Resistance = 7 Ohms 
13° Gaon e0Owes sas 4,550 1,440 
LT RD tein, estas S50. tna oe Bi OO eee rere 1,620 
PAN ae Acct iC e6 aoe 7200 ia stacks 1,810 
Boers oe BS0ZFieck 2 8,600 1,900 
26 Ramee Md pena: 9,800 2,030 
BO! Fries 960. oe 12,100 2,280 


Voltage Supplied by a Variac from a Lighting 


Circuit. Series Resistance = 11 Ohms 
3) Meares (Ue race LOM Sg tele alan 226 
ce RCT SO Sarna 13, OLO Veer 364 
(Se Sapapes 90. arereiece eg OR 0 540 
Cieccr cltee PLO} see U S00; tems 720 
Toe Volar te LGO! por 20205 5.0 cs es 920 
fie BROB AAS TOO. haa 2 400 ypateris os, COO: 
Pane roe (LEO etna 35100icconane 1,020 
10 Serie COUR mare Bi, BOOT aoe ts 1,150 
dee sere. SOO buat 4 BOO arene 1,250 
se ean AMO De pretece 5; 2O0iG.ctersia Ly ORO, 


Voltage Supplied by a Variac from a Lighting 


Circuit. Series Resistance = 22 Ohms 
Saas ra rers ety AG Actes STO aa sinnete 80 
B Paioncea GORE nets 7OO ee ycenisees 210 
Be Peale te Taig oonas CL Ue AGteno 360 
Bae soe LOO; ien0 L260 see bits 560 
Bases UZ S8 iva sie LAG 20 ig seen 770 
Lon aie UO Sie craps QAOSO versed 870 
Bsa DO! Bese 2 BBO. ses asaeus 900 
OM Ec pea Donen ome SeLOO Leeper 950 


Voltage Supplied by a Variac from a Lighting 


Circuit. Series Resistance =44 Ohms 
ieee 4D. evciere dO enernistete 96 
3S iekeben CSi teas 800. 225 
AD ps beeen 17 0, xoyeeioe 380 
Dia) sie clecctaye LOO. fmets 1,260.. 560 


(The following data were obtained using a very large 
generator. In this case the di/dt values were not 
measured directly and the estimated values are not 


reliable) 
ZO ctalere cictarinte ote orate 27000. ee arate 7,500 
SOT eas od ene nice 1915000. cule: 9,800 
LULU AOE Beanery cre Gaeta 306,000.) nine LS, 200 
SHS. epiaptaineilaeiats 2 hr SOS TOGO SE. ate tenn 14,750 
UG TB: Dyas ca sighed anes Gas 842,000........19,750 


*General Electric Type KF-305. 


A Convenient and Nondestructive 
Test Method to Determine the 
Peak Voltages 


Direct measurement of the peak volt- 
age actually induced by the full load cur- 
rent in an open-circuited current trans- 
former is in general difficult and expen- 
sive, and may also be dangerous. So a 
convenient and nondestructive equivalent 
test method is highly desirable. 
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Although the actual current in service 
will be substantially sinusoidal, it is diffi- 
cult to reproduce it in the laboratory 
because saturation tends to distort the 
current from a small power source. So 
the use of a distorted current for this 
test will greatly add to convenience if it 
can be properly interpreted. We find 
that it is necessary and sufficient to know 
the di/dt of the test current, so a means 
for the accurate determination of the 
di/dt of the current makes distorted cur- 
rents and reduced values of di/dt service- 
able for this purpose. 

Experiments confirm the mathematical 
result that under open-circuit conditions 
when the primary current is ample to 
saturate the core, the peak voltage én 
is related to the maximum di/dt of the 
primary current in the fellowing man- 
ner, 


&m =aL(di/dt)”" (24) 


and is relatively independent of the mag- 
nitude and shape of the primary current 
during the remaining portion of the cycle. 
In this equation a, L, and n are constants 
for a given transformer. The proposed 
test method then consists of determining 
these constants by measuring e, and 
di/dt at conveniently obtained values of 
primary current, and then calculating the 
value of e,, for the di/dt expected at the 
rated loading, Figure 4. 

To measure the di/dt of the test cur- 
rent, an air-core transformer is connected 
in series with the current transformer 
under test. The voltage across this air- 
core transformer is a measure of the di/dt. 
This voltage and that across the current 
transformer under test are measured 
simultaneously, either by a dual-beam 
cathode-ray oscilloscope, or, a single-beam 
oscilloscope in conjunction with an elec- 
tronic switch. 

Measurements are made at different 
supply voltages, and the results are used 
in either one of the following methods: 


1. By direct substitution in equation 24, 
the constants aZ and m can be evaluated, 
and the expected voltage for any other 
value of di/dt calculated. 


2. The data can be plotted on log-log 
paper and the desired voltage obtained by 
extrapolation. 


For a given di/dt, distortion in either 
the voltage or the current wave-form 
does not alter the value of the peak volt- 
age a great deal as long as the current is 
sufficient to saturate the core. A small 
fraction of the rated primary current may 
mark the beginnings of saturation. 

Substitution of the maximum value of 
the di/dt of the expected sine-wave cur- 
rent, that is, substitution of 2zf7,, in 
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equation 24 will give the maximum ‘volt- 
age when the secondary is open circuited. 

Although the di/dt of the sine-wave 
current is maximum as the line current 
passes through zero, the peak voltage does 
not occur exactly at this instant but a 
little later. 

Theoretically, only two tests, at dif- 
ferent values of di/dt, should be sufficient 
to determine the constants aL and m of 
equation 24. But as this method is an 
empirical approximation, more reliable 
results will be achieved if the two values 
of di/dt are considerably different from 
each other, and one of them is as large as 
can be had conveniently. Subsequent 
data also will show the wisdom of taking 
more than two readings. 


Data 


Complete readings taken on one of the 
current transformers tested is given in 
Table I and plotted in Figure 5 on log- 
log paper. Similar plots for two other 
transformers are shown in Figures 6 and 
if 

Figure 5 covers a di/dt range of 1,000:1, 
and Figure 6, 100:1. The close alignment 
of the various points along a straight line 
over such a wide range was unexpectedly 
good for an approximation method, The 
deviation of the few points at the lower 
ends of these curves is explained as due to 
the insufficiency of the currents to satu- 
rate the core. The alignment of the data 
along a straight line is not quite as good 
in Figure 7 as in Figures 5 and 6, and it 
suggests the wisdom of taking one or more 
readings at as high values of di/dt as con- 
venient. The width of the band that in- 
cludes all the data in these plots shows 
that more than two readings should be 
taken, at as wide a range of di/dt as con- 
venient. 

Of course, in all cases, the di/dt 
should be determined by measure- 
ment, and not taken for granted, as if the 
current were sine wave without a good 
basis for such belief. 

The values of 2 for these transformers 
were found to be 0.546 in Figure 5, 0.715 
in Figure 6, and 0.52 + in Figure 7. In 
the last case, » would have been greater 
than 0.52 if the graph had been drawn to 
include the upper block of four points. 

According to the approximate theoret- 
ical analysis given above, 2 would have 
been 0.5, and the values observed on two 
of the transformers, namely, 0.546 and 
0.52, could have been considered as pretty 
good checks on theory; but the third one, 
0.715, may be a warning against banking 
altogether too much on an approximate 
formula in a saturable circuit. As these 
three series of tests were made by dif- 
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Figure 5. Relation between di/dt and peak secondary open circuit voltages. 
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Results of tests made on a 15-kv current transformer using 
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THE EMPIRICAL EQUATION 
THE CURVE IS 
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Figure 6. Relation between di/dt and peak secondary open circuit voltages. 


FOR 


currents of various degrees of distortion 
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Results of tests made on 69-kv current transformer using 
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Figure 7, 


ferent individuals at different times and 
places, on three different transformers, it 
was not practicable for the present au- 
(hors to undertake to repeat the tests to 
run down the source of the difference, 

Obviously the foregoing test method 
is equally applicable to relay coils, either 
using equation 24 or plotting the data 
and extrapolating, According to C, R. 
Mason of the General Mlectric Company, 
the experimental value of » for a relay 
circuit was of the order of 0,5, The relay 
can be tested alone or in combination 
with its current transformer, 

In cases where the relay coil saturates 
long before the current transformer, the 
relay may be tested by itself, Tf the relay 
coils and current transformer saturate 
about the same time, they must be tested 
together, 

‘Two typical oscillograms of current, 
peak voltage and di/dt are reproduced in 
igure 8(A) and 8(B), The di/dt cor- 
responding to the peak voltage has to be 
taken from such a record, 


Protective Measures 


As the magnetizing inductance of fer- 
romagnetic reactors is generally very 
high, even a high resistance shunt re- 
sistor is likely to lower the peak voltages, 
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Relation between di/dt and peak secondary open 


circuit voltages. 


If the shunt resistor is of the constant- 
resistance type, the larger the protection 
it affords, the greater will be the impair- 
ment of the current transformer ac- 
curacy or the relay sensitivity. But the 
“Thyrite’’ type resistors, being highly 
variable with voltage, afford excellent 
protection under overvoltage conditions, 
with practically no reduction in the cur- 
rent transformer accuracy under normal 
conditions. These have been in success- 
ful use for a number of years,? 


Appendix |. Approximate 
Solution 


Assuming a line current with a crest value 
many times ¢d, Figure 8, it follows that 
during most of the cycle the core will be 
saturated, and Figure 2(B) will apply to it. 
Let us trace the phenomena along the arrow 
in Figure 8, All along the negative portion 
of the line current shown, the cireuit will be 
saturated until we reach time 0”’—nearly 
zero--when the line current will have be- 
come 7%’, which also is nearly zero. On 
account of the relatively long duration of 
this zone, we shall assume that, by the time 
0’ is reached, the current in the circuit, 
Figure 2(B) will be the appropriate steady- 
state value, and that all of the line current, 
assumed sinusoidal, 


tiine™Jm sin 0 


(1) 
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Results of tests made on a toroidal transformer 


will be flowing through the inductive 
branch of Figure 2(B) 
At the instant 6,’ 
4g =Im sin 0, =1y,' ~0 (2) 
Just past this point, the circuit will change 
to Figure 2(A). As the actual current in X 
cannot change suddenly, it will be the same 
value now as at the moment before, that is, 
zero. But this is not the steady-state cur- 
rent of the new circuit for that instant. 
Considering the current as complex num- 
bers, the effective value of the steady-state 
current in X will be 


(3) 


The corresponding equation for the 
steady-state instantaneous currents will be 


1x (steady state) =Im(R/Zo) sin (0 —) (4) 
@= tan! (X/R’) (5) 
R'=R+r (6) 


As the actual current at this instant is 
zero, not as in equation 4, there must be a 
transient component of current equal to the 
negative of equation 4, so as to cancel it, 

This transient component of the current 
circulates in the loop, R, r, X: it cannot 
flow in the lines because the line current is 
assumed to be fixed as a Sine-wave current 
of a specified value. The transient com- 
ponent of the reactor current will then decay 
exponentially in the indicated loop based on 
its constants, and the complete equation of 
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INDUCED VOLTAGE 


CT, PRIMARY 
CURRENT 


this instantaneous current in X, from 0 to 
Ox, will be 


1x total) =1m(R/Zo) [sin (8-6) + 
sin 6e~ ®'/*)9) (7) 


This expression can be further simplified by 
expanding the terms in the brackets, and 
remembering that for small values of @, sin 0 
equals 0: 


sin (@—¢) (7A) 


(7B) 


sin ¢(sin 6 cot ¢—1) 
sin ¢(0R’/X —1) 


and 
e~ 7/28 ~~ 1 —(R'/X)0+(R’/X)02/2 (8) 
Substituting these in equation 6, 


Ix (total) =Lm(R/Zo) sin o[(OR’/X)—-1+ 
1—(R’/X)0+(R'/X )?6?/2] 
=In(R/Zo) sin o(R'/X)6?/2 (9A) 


Recognizing that sin ¢ is X/Z, and R’/Z 
is of the order of unity, equation 9A reduces 
to 


ix (total) =ImR6?2/2X (9B) 


At the time 6%, tx=i,. Substituting this 
into equation 9B and solving for 0,, 


On =1.4V ix(X/R)/Im (10) 


At this time, the line current is 

ttine=Im si. 64 ~Im9x~1.4V ImixX/R (11) 
The current in the shunt resistance R is, 

in = ine — 1h ~ ine (12) 
Then, at time 6x, 


ep =Ripg~14V IminXR (13) 

Since, after ;, X drops to a very low 
value, « which may be one per cent of X, 
we may recognize this change as practically 
short circuiting R. The maximum voltage 
that will appear across R (and hence across 
the terminals of the inductive device) will 
be the er at time 6;, as defined in equation 
13. This then is the peak voltage we are 
looking for. 

In equation 13, 7% and X are somewhat 
problematic quantities, because the loop of 
Figure 1(A) is rather idealized, and the bend 
at iz may not be as sharp as indicated and X 
not as constant as implied. However, the 
product of 7,X can be interpreted as the 
crest voltage Ez, corresponding to a sinu- 
soidal flux density having its maximum 


1951, VoLUME 70 


Figure 8(A) (left). 

Wave shapes of cur- 

rent and secondary 
induced voltage 


Figure 8(B) (right). 

Wave shapes of di/ 

dt and induced 
voltage 


equal to that at the knee of the curve, in 
which case equation 13 can be written as: 


en~14WV ImExR (14) 


Fy, could then be determined approximately 
by a-c tests, leaving R as the only problem- 


atic quantity. If the eddy loss, We, is 
determined at some voltages, EH, below 
saturation, 
R=E?/W. 


But it is not always easy to separate the 
eddy losses from the hysteresis loss. The 
well-known separation tests, equation 5, 
made at different frequencies, may not be 
consistent. 


Appendix Il. Closer 
Approximation 


When i,’ cannot be assumed zero, Figure 
1(B), and 7, R, and X do not lend them- 
selves to much simplification, the equations 
take the following forms. Even though 7;’ 
may not be zero, the voltage drop across x 
may still be considered negligible until 7,’ is 
reached. The maximum voltage that builds 
up after that will depend on the line current 
at time 6% when 7, is reached. So, as before, 
our major problem is to determine 0x. 
Since 


1 =I sin On! Tin On? (15) 
On! tx! /Im (16) 


Past this instant, the steady-state com- 
ponent of current in X will be 


1x (steady state) =1m(R/Zo) sin (@—¢) (17) 


The difference between this for 0,’ and the 
actual current 7,’ is the transient component 
of ix at time 6;’, decaying exponentially: 


4x (transient) = (ix! —Im(R/Zo) sin (O1.’ —)} x 
e—(B'/X)@—0K) (18) 


The resultant current in X, during the inter- 
val 6;,’ to 0%, will accordingly be, 


ix =In(R/Zo) (sin (0-4) + | (ix’Zo/ImR) — 


sin (6, —@)} e~ @/*) 0-9] (19) 


At time 6; (to be determined), this current 
is 1%: 


ix=Im(R/Zo)[sin (6,—4)+ | ix’ Zo/ImR) — 
sin (0;’—¢)} «— @'/*)(%—%)] (20) 


As 6% is the only unknown in this equation, 
plotting 7% as the dependent variable for 
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several assumed values of 6, yields a curve 
with the help of which the 6, corresponding 
to the pertinent 7% can be determined, 
Then, as before, 


ine =Im sin 04 ~ImO (21) 

tr = Uline — 1x = Im (22) 

€p max =~ RImO. (23) 
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Discussion 


E. C. Wentz and T. R. Specht (Westing- 
house Electric Corporation, Sharon, Pa.): 
The authors of this paper seem to believe 
that the shape of the hysteresis loop has an 
important bearing on the magnitude of the 
peak voltage. The current zz that flows in 
R in the authors’ Figure 2(B) is usually 
much larger than the current zx that flows 
in X at the instant the core saturates and 
under this condition the shape of the 
hysteresis loop has no effect on the crest 
voltage. Referring to Figure 1 of this dis- 
cussion the line current is shown as a 
straight line as it goes through zero with 
an equation dine=Im sin wt=Imwt. This 
current divides between the resistance and 
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iLINE=|_ wt 


TIME 


Figure 1. The current through the resistance 

and reactance of the circuit in the authors’ 

Figure 2(B). The sum of the two is the line 

current. The reactance desaturates where the 

iz and itine curves intersect. The inductance 
saturates again at ts 


inductive paths of the authors’ Figure 2(B). 
The voltage across the two in parallel at 
any instant is Rig. The core desaturates 
where iz intersects the djing curve, and the 
two must, of course, be equal at that instant. 
Also then at this instant zg=0 and the 
voltage is zero. As time progresses, tp in- 
creases. 

This voltage is applied to the induct- 
ance and the change in flux in the core 
is proportional to the integral of R tr dt. 
From the hysteresis loop, the corresponding 
value for zz could be found. The peak 
voltage will occur when the inductance 
saturates, but by this time zr will be much 
larger than 7z, and for all practical purposes 
will be equal to dine at this instant. This 
was also concluded by the authors in their 
equation 12. Also, the current through the 
resistance is equal to the line current during 
the transient for all practical purposes. 

The volt-seconds the inductance can 
develop is, 


+5 de 
fo = uf N— 10-8 dt= N2¢51078 
ae vata 


where ¢5 is the saturation flux in the core. 
The quantity ds can be found from Ex, the 
peak of the sinusoidal voltage that can be 
developed by a sinusoidal flux with a peak 
value ¢s: 


Ex=¢swN10 


Then the integral of edt is: 


The integral of the voltage across the re- 
sistance to time fs is: 


ts ts te 
fi edt= if Riz dt= i R Imnwtdt 
0 0 0 


TInwts? 


2 
Equating these two: 
2x RImots? 
@ 2 


2 Ex 
ts= a —F 
wo VRIn 


The peak voltage across R is then: 


1852 


Figure 2. Idealized hysteresis curve. The 
flux change 2¢5 corresponds to the current 
change ix, hence ixX =QEx 


Er=Ripg=RI ~ ~) 
R= R= moe a RIm 


=2VExRIn 


This should be the same as the authors’ 
equation 14, but the above is larger by a 
factor of \/2. This discrepancy is due to 
the authors’ statement in Appendix I just 
before equation 14: ‘‘However the product 
of 7xX can be interpreted as the crest voltage 
Ex corresponding to a sinusoidal flux density 
having its maximum equal to that at the 
knee of the curve...’ Actually 7,.X¥ =2Ey. 
This can be shown as follows. In Figure 2 
of this discussion is shown a hysteresis loop, 
rather idealized. For this loop, Zx’S0 as is 
assumed by the authors (equation 2). 
Since Y, the unsaturated reactance is as- 
sumed constant during the unsaturated 
periods, the sloping portions of the hysteresis 
loop are straight lines. It then follows: 

i Atr = yo? 


L, 105% 
At At 


NA¢10-§ N2¢s510-8 


Aty, Ik 


But, 
Ex=oN¢s1078 


2E; 

“Lk . A 
=—; thol=hX =2Ey 
Ik 


If this value of 7X is substituted in the 
authors’ equation 18, it will give the same 
peak voltage secured above, 2V ExR Im. 
With this correction, the formulas for crest 
voltage developed in the paper are correct 
and useful within the limits of the approxi- 
mations stated in the paper. The corrected 
formula 14 agrees with formula 23, of refer- 
ence 4 in the authors’ bibliography, because 
the method of derivation and the assump- 
tions made are essentially the same in both 
this new paper and the old one. 

However, the new paper goes only this far, 
and is of limited usefulness on this account. 
Reference 4, a paper written in 1946 by the 
authors of this discussion, considers two 
conditions of fundamental importance which 
are not considered in this new paper: 


' Condition 1. The source voltage is suffi- 
ciently low that the current is not main- 
tained sinusoidal. 


; Condition 2. The current is sufficiently 
high that the flux reversal is so rapid that it 
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does not take place uniformly within the 

lamination, but starts on the surface first 

and progresses inward as a wave, 

The reference paper develops methods of 
calculation for both of these conditions and 
shows that both of these conditions are 
commonly met within actual experience, 
It is true that when the new paper ignores 
Conditions 1 and 2 the calculated value of 
voltage will be considerably higher than the 
actual, and the result may therefore be con- 
sidered to be conservative, if not correct. 
In our work we always use the simple for- 
mula first and resort to our more accurate 
formulas only if the calculated voltage is so 
high as to give us concern, 

The test method described in this new 
paper is new, interesting, and again is useful 
within its limitations. However, in assum- 
ing that em=aLl(di/dt)", equation 24, it ig- 
nores Condition 2 stated before, with the 
result that the open circuit voltage will be 
measured to be much higher than it really is, 

The paper discusses the case of a saturat- 
ing relay coil. The application of equation 
14, corrected, to a current transformer with 
the secondary open will ordinarily be quite 
accurate as the primary current usually will 
be sufficient to saturate the transformer in 
a short time and the unsaturated reactance 
of the transformer Y is in the same order of 
magnitude as the eddy loss resistance R. 
With a relay, these conditions may not be 
met, and the value of peak voltage given 
by equation 14 corrected will be too pessi- 
mistic. For the case where the current 
transformer does not saturate and the relay 
does saturate, if the product of the current 
through the relay times the unsaturated 
impedance of the relay is more than four 
times the maximum voltage the relay can 
develop without saturating equation 14, 
corrected, will give the correct answer if the 
unsaturated reactance Y is not too small 
compared to the eddy current resistance R. 
It is necessary that the current through 
be small compared to the current through 2. 
This current ratio will be larger for longer 
times to saturate, lower inductance XY, and 
lower values of current through the relay. 
Again the authors’ reference 4, gives general 
formulas that take care of all cases. 

For the case where the current trans- 
former saturates first, equation 14, corrected 
will give the correct answer if the value of 
Fy is for the current transformer, and if R is 
the parallel resistance of the eddy resist- 
ances of the current transformer and the 
relay. The problem of the relay unsatu- 
rated reactance again enters and should be 
considered if it is materially less than R; 
this consideration is also fully discussed in 
the paper reference 4. 


A. Boyajian and G. Camilli: Knowing the 
interest of Messrs. Specht and Wentz in our 
subject, very early we had sent them a copy 
of our manuscript, expressing the hope that 
they might wish to discuss the matter. So 
we welcome their discussion at this time. 
A point made by them is that our develop- 
ment is limited to sine wave currents. F That 
is true neither of the experimental method 
we have described nor of the mathematical 
development. In fact, our experimental 
method, developed first, was for the very 
purpose of making measurements with any 
available distorted current, and to extrapo- 
late to high currents, having any specified 
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maximum di/dt. Our mathematical treat- 
ment, developed later, was similarly oriented. 
It was based on the unsaturated X,z of the 
circuit and the slope of the current as it 
crossed zero. Our frequent references to 
sine-wave currents were for a double reason. 
Sine-wave currents lead to higher voltages 
and are likely to be pretty well approxi- 
mated in large systems, so that the sine wave 
constitutes the proper base for such calcu- 
lations. | \It also helps visualization and im- 
proves the intelligibility of the presentation. 
As we said in the conference edition of our 
paper, “For a given di/dt, distortion in 
either the voltage or the current wave-form 
does not alter the value of the peak voltage 
a great deal.... Substitution of the maxi- 
mum value of the di/dt of the expected sine- 
wave current, that is, substitution of 27f/Im 
in formula 24, will give maximum voltage...” 
Thus, when the current is distorted, I in 
our formulas is the crest value of that 
equivalent sine-wave current that has the 
same slope as the contemplated current in 
the neighborhood of zero. 

Another comment regarding our analysis 
is that we have ignored the increased skin 
effect that results from the rapid recovery 
of the reactance. That raises two questions: 
(1) How much difference does that factor 
make in the end? and (2) If it is to be taken 
into account, may it not be better to take 
care of it by inserting the appropriate 
values of Z and R in the equations? To get 
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a line on the answer to the first question, 
we may compare the two alternative for- 
mulas 23 and 63 offered by Messrs. Specht 
and Wentz (see reference 3 of the paper). 
The latter formula is said to take the in- 
creased skin effect into account and is said 
to be more accurate. An inspection will 
show that the voltages calculated by these 
two formulas differ as 2.5 to 1, and this is 
confirmed explicitly by Messrs. Specht and 
Wentz in their paper. As they offer a 
correction factor of 0.85 to the first formula 
based on experience, that makes the more 
rigorous formula (63) 2-to-1 too low. 

In their discussion on the relay coil, 
Messrs. Specht and Wentz give the im- 
pression that they have treated the relay 
coil taking into account the differences be- 
tween a relay coil and a current transformer. 
We fail to find in their work an explicit 
solution for relays that is different from 
that for a current transformer. Theo- 
retically, a perfect formula would apply 
equally well no matter what the name of 
the saturating device may be, but with the 
bold approximations that are generally 
made in saturation problems, and the im- 
portant differences between relays and 
transformers—such as, a large air gap in 
the relays, together with the fringing of 
the flux across the face of the laminations 
near the poles—for use with relays, we 
would not want to put a lot of confi- 
dence on a formula that has been justified 
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experimentally only for transformers. 

Finally, Messrs. Specht and Wentz make 
the point that our formula 14 is wrong. 
We had offered this formula as an “‘approxi- 
mate” one, involving the least knowledge 
of circuit constants and no knowledge of 
loop characteristics. Our more rigorous 
formula 13 and the most rigorous one (23) 
require a knowledge of the high-density 
hysteresis loop. No issue has been taken 
with these two, except the sine-wave and 
skin-effect arguments that were explained 
above. The objection raised against the 
approximate formula 14 is regarding its 
coefficient, and is based on a hysteresis 
loop selected by Messrs. Specht and Wentz. 
The loop does have an important effect, 
and a different loop would have given a still 
different coefficient. We stated in the text 
that as high-density loops will have steeper 
portions than unsaturated loops, formula 14 
will yield lower voltages than 13, As for- 
mula 13 was developed along pessimistic 
assumptions, it does not appear unreason- 
able to make an optimistic simplification in 
an admittedly ‘‘approximate”’ formula like 
(14). In any case, we believe that, if a 
large number of data be taken, they will be 
found scattered between our formulas 13 
and 14. We might reiterate here our belief 
that calculations involving saturation phe- 
nomena must not be counted on much be- 
yond the order of magnitude of the quantity 
desired, 
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Evaluation of Energy Differences in the 


Economic Comparison of Alternative 


Facilities 


A. P. FUGILL 


MEMBER AIEE 


HE TREATMENT of the various 

factors involved in comparing the 
cost of two or more methods for accom- 
plishing a desired result in the planning 
of an electric power system deserves seri- 
ous consideration. Because the subject is 
so broad that it could not be treated ef- 
fectively otherwise, this paper and three 
companion papers'% were presented to 
cover several phases of the general prob- 
lem. Since there is not complete agree- 
ment on this whole subject, this paper is 
written in a provocative rather than a 
dogmatic vein, with the hope that the 
thoughts expressed will induce additional 
discussion which will eventually lead to a 
clarification of the whole problem. 

In this paper, a method is given for de- 
termining the amount of energy involved 
in the different schemes being compared, 
and the money value of that energy. Al- 
though the emphasis is placed on the 
problem of energy loss and particularly 
that type of loss problem in which the 
whole electrical system is an important 
factor in the solution, the general prin- 
ciples set forth are equally applicable to 
‘the problem of evaluating the differences 
in installed generating capacity which 
may exist from time to time for the 
several alternatives being considered. 
These differences, for the years in which 
they exist, should be evaluated on the 
basis of their present worth, as covered by 
another paper in this group. 

The first responsibility of the planning 
engineer is to design a system which will 
give satisfactory performance under all 
normal and reasonable emergency 
operating conditions. Since it is possible 
to do this in several ways, his second re- 
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sponsibility is to select the method: which 
will result in the lowest over-all cost. Al- 
though differences in losses among the 
several schemes may not be the deciding 
factor, some value for them should be in- 
troduced into the over-all economic 
comparison. Since the purpose of this 
group of papers is to point out the factors 
to be considered and outline general 
methods of approach to the problem, no 
effort will be made to present specific ex- 
amples nor to assign specific values to the 
quantities involved. Because conditions 
will vary among power systems, each 
company must assign its own values. 
The general principles in this paper should 
be applicable to any type of system, even 
though the procedures outlined were de- 
veloped for a large metropolitan system 
with steam generation. 


Fundamental Principle 


In the evaluation of energy differences 
in the economic comparison of alternative 
facilities, the fundamental principle 
underlying any method should be to de- 
termine as accurately as possible the 
actual cost which will accrue to the com- 
pany during the life of the piece of equip- 
ment, substation, or power plant in 
question because of the difference in 
losses in the various schemes. To ap- 
proach this ideal, even moderately close, 
it is necessary. to examine each type of 
problem individually, to be sure that all 
factors are correctly evaluated. It would 
not be sufficient, for instance, to use one 
value for a unit of transformer loss re- 
gardless of the function of the trans- 
former because the actual cost will vary 
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considerably with the manner in which 
the transformer is used. Probably most 
engineers. will agree in theory with this 
principle, but the objection will be that it 
is impracticable to apply because a rigor- 
ous solution involves far too much work, 
or the fundamental dataon which the solu- 
tion must be based are not available with 
sufficient accuracy. In considering the 
validity of this objection, it should be re- 
membered that all planning is based on an 
estimate of what will happen in the future. 
No matter how carefully such a predic- 
tion is made, it is inevitably subject to 
considerable error. A high degree of ac- 
curacy in method of solution is not neces- 
sary in other planning problems, nor | 
should it be considered necessary in the | 
loss evaluation problem. Simplifying as- 
sumptions can usually be made to reduce 
the work without destroying the validity 
of the result. In most cases, the necessary 
data are available to the planning engi- 
neer or can be obtained for a particular 
system rather easily. To show how this 
principle can be applied, three types of 
problems will be analyzed. 


Choice of Power Plant Site 


For the first example, a new power plant 
is to be added to a system at one of two 
possible locations. Satisfactory per- 
formance can be obtained for either loca- 
tion, and the electrical system required 
for the plant at each location to give 
satisfactory performance has been deter- 
mined. The system losses, however, are 
different for the two locations, and the 
evaluation of those differential losses is 
needed to complete the economic com- 
parison. 

Although it is necessary to determine 
the cost for the entire life of the plant, itis 
best to study the problem a year at a 
time. The usual data needed for system 
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Figure 1. Choice 
between two power 


plant sites 
‘, A. Annual load 
NV duration curve for 
RSS system 
i B. Envelope of 
daily load curves for 
system 
C. Differential an- 
nual loss duration 


curve for system 
D. Differential an- 


DIFFERENTIAL 
SYSTEM LOSS 
COST PER HOUR 


nual cost duration 
curve 
E. Annual cost for 
life of plant 


planning are available. Particularly, it is 
necessary to know the expected peak load 
for the year being considered, the dis- 
tribution and power factor of load on the 
system for different times of day and 
seasons of the year, the distribution of 
generation throughout the complete an- 
nual load cycle, the electrical system re- 
quired for each plant location, the annual 
load duration curve for the system, and 
the envelope of the daily load curves for 
the system. 

Figure 1(A) is the load duration curve 
for the system which shows how many 
hours each year the system operates at 
each load from peak to minimum. It is 
relatively simple, particularly if a network 
calculator is available, to determine the 
system loss for a given system for one dis- 
tribution of load and generation. The 
current division is usually known from 
studies made for other planning problems, 
and the calculation of losses, branch by 
branch, is not a long process with most 
systems. If the loss were constant for a 
given load, it could be determined readily 
for each plant location for a number of 
points, such as A, B, C, D, and E on the 
load duration curve. The loss duration 
curve for the difference in loss between the 
two cases could then be determined and 
_ plotted asin Figure 1(C). 

However, the load duration curve of 
Figure 1(A) does not indicate at what 
_ time of day or at what season of the year 
each load occurs. Usually this will make 
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a difference in the system loss because 
different load distribution and power 
factor result in different current division 
within the system network. In the case 
being studied, the loss is affected by the 
time of day. That is, the system loss de- 
pends on whether the load occurs during 
the day when power load predominates, 
during the evening when the lighting load 
is heavy, or during the night. It also de- 
pends upon whether the load occurs on a 
week day, from Monday through Friday, 
or over the week end on Saturday or 
Sunday. This effect can be taken into 
account by using the envelope of daily 
load curves given in Figure 1(B). The 
upper band includes all the loads which 
occur on week days; the lower band, 
those occurring on week ends. For this 
purpose, it can be assumed that all mag- 
nitudes of loads are equally distributed 
within these bands. Within one time 
area—that is, night, day or evening—the 
losses can be considered to vary only with 
load and not with time of day or season. 
On week ends, the day load is considered 
similar in loss characteristics to the eve- 
ning load. In using these curves, it should 
be remembered that the week day band 
represents two and one-half times as 
much time as the week-end band. 

In general, it will be necessary to cal- 
culate the loss for each time area and use 
the weighted averages in plotting the 
curve of Figure 1(C). For example, to 
determine the loss corresponding to load 
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A, it would be necessary to calculate loss 
for both day loads and evening loads. 
From Figure 1(B), it is evident that of all 
the loads having a magnitude A, about 
two-thirds occur in the day and one- 
third in the evening and they all occur on 
a week day. Therefore, the loss corre- 
sponding to point A on the load duration 
curve, would be the average of the system 
loss for a day load and that for an evening 
load with the day loss being given twice 
the weight of the evening loss. Loads of 
magnitude /, on the other hand, occur 
only during week ends, about two-thirds 
at night and one-third during the day 
when the distribution is similar to that in 
the evening of a week day. Hence the 
loss would be determined at this load for 
the night and week-end day conditions 
and the night value given twice the 
weight of the day value. 


If the loss is calculated for a few points 
on the load duration curve, as at points 
A, B, C, D, and B£, for each location of 
plant, the difference in loss for each point 
provides the basis for the curve of Figure 
1(C). This is an annual loss duration 
curve showing the number of hours dura- 
tion during the year for each value of loss. 
The integration of the area under the 
curve is the total annual energy due to the 
difference in losses between the two loca- 
tions of power plant. 


The more difficult problem is the de- 
termination of the actual cost of this 
energy. The natural tendency is to use 
the cost of energy generated in the new 
plant, the average cost of energy for the 
system, or some intermediate value de- 
termined somewhat arbitrarily. The 
more accurate approach is to follow the 
principle established for the determination 
of the total differential energy; that is, to 
predict, for the year being considered, the 
actual cost of that energy for the gen- 
erator operating schedule most likely to 
be used at that time. In all steam sys- 
tems, the more efficient generation units 
will be loaded whenever possible in pref- 
erence to the less efficient ones. Thus at 
load A, when most of the units are al- 
ready well loaded, the incremental losses 
will have to be supplied by rather in- 
efficient ones. At load E, even the best 
units on the system are probably not fully 
loaded, so the incremental losses can be 
supplied by them at a lesser cost. The 
problem is to determine the incremental 
cost of energy at a number of load points, 
A, B, C, D, and E, as for loss determina- 
tion. Generally, this information is 
readily available from studies made for 
other planning and operating problems. 
In most steam systems, this incremental 
cost of energy is a function solely of mag- 
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Figure 2. 


A. Annual load duration curve for generator 
8. Annual current duration curve for transformer B. 
C. Differential annual loss duration curve for transformer 
D. Differential annual cost duration curve 


nitude of load and is little affected by the 
load distribution; that is, the effect of 
time of day and season of the year can be 
ignored. If those factors are important, 
their effect can be included by a weighting 
process similar to that used for loss deter- 
mination. 

From the loss at point A on the loss 
duration curve, and the incremental unit 
cost of energy at point A on the load 
duration curve, the cost per hour can be 
determined and plotted as point A on an 
annual cost duration curve as shown in 
Figure 1(D). Completing similar cal- 
culations for points B, C, D, and £, will 
give the complete curve which shows the 
number of hours duration for each value 
of unit cost. The integration of the area 
under this curve is the total annual cost of 
energy attributable to the difference in 
losses for the two locations of power plant 
for the year. 

Since the period under consideration for 
such problems is of the order of 20 or 30 
years, it is necessary to estimate the pres- 
ent value of money to be spent several 
years hence. Certainly a dollar spent to- 
day cannot be considered to have the 
same value as a dollar to be spent 20 
years from now. Since this phase of the 
problem is thoroughly discussed in an- 
other paper of the group,’ no specific 
method need be included in this paper. 
It is sufficient to point out that after the 
cost of energy losses for each year of the 
life of the facility has been determined, 
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Choice between two types of substation transformers 


A. Annual load duration curve for system 
Envelope of daily load curves for system 
C. Annual current duration curve for transformer 


D. Envelope of daily current curve for transformer 


some factor should be applied for each 
year to take account of the present worth 
of future costs. 

This weighted cost for each year, then, 
can be plotted as in Figure 1(E) and the 
total cost obtained by integrating the 
area under the curve. Asa rule, it is not 
necessary to calculate the result for every 
year, but only at intervals of three to five 
years or whenever a major change in 
system is expected. There is little need 
for making calculations beyond ten 
years, since the pattern of annual cost is 
usually well established by that time and 
valid results can be obtained by extra- 
polation. 


Choice of Type of Generator 
Transformer 


The second exampleis a comparison be- 
tween two types of generator transformers 
with different losses. The transformer is 
in series with the generator so its power 
load is directly controlled by the load on 
the generating unit but the reactive load 
and the cost of the differential energy are 
influenced by system conditions. The 
choice is to be made between a self- 
cooled transformer and a forced-oil, water- 
cooled transformer with higher full load 
losses. Constant voltage will be assumed 
on the transformer so that the total loss 
at any load is the sum of a constant core 
loss and a copper loss which varies with 
the square of the current. 
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Again the problem will be solved by a 
year by year study of the probable opera- 
tion of this transformer throughout its 
life. The load duration curve for the sys- 
tem is the one given in Figure 1(A). 
For the year under study, this generator 
will be loaded as indicated by the genera- 
tor load duration curve in Figure 2(A). 
The generating unit operates at full load 
for high system loads, at reduced load for 
light system loads, and at no load for a 
short period to provide for inspection and 
maintenance outage time. From studies 
made for other planning problems, the 
variation in power factor on the generator 
is known, so that a current duration curve 
for the transformer can be plotted as in 
Figure 2(B). With the current known, 
the total loss in each type of transformer 
can’ be calculated for several points, say 
A, B, C, D, and E, and the difference in 
loss plotted as in Figure 2(C) to give a 
differential loss duration curve for the two 
types of transformers. As in the first 
problem, the total energy can be ob- 
tained by integrating the area under the 
curve. 

The cost of this energy will depend on 
the method of operation. If the unit is 
operated at base load as measured on the 
generator terminals, the incremental loss 
in, the transformer, due to the higher loss 
design, will not be supplied by the gen- 
erating unit in question but by the rest of 
the system. In other words, for a given 
output from the generator, there will be 
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less output from the transformer into the 
system with the higher loss transformer. 
Since the system load is constant, the 
other generators on the system will then 
have to operate at a higher load to make 
up for this additional transformer loss. 
The method for determining the total 
cost of energy, then, can be similar to that 
used in A first example. Thus, the cost 
of energy for differential loss A on Figure 
2(C) is obtained from the incremental 
cost of energy at point A on the system 
load duration curve of Figure 1(A). The 
cost duration curve of Figure 2(D) can be 
plotted as in the first example. 


If this process is repeated for the first 
few years of the life of the transformer and 
the pattern of annual cost established, the 
total cost during the life of the trans- 
former can be determined. Again the 
correction factor for the present worth of 
future costs should be applied. 


Choice of Type of Substation 
Transformer 


The last example is also a comparison 
between two types of transformers and is 
included to emphasize the fact that the 
treatment and results depend upon the 
application as well as the type of equip- 
ment. 


In other words, all transformer loss 
problems should not be treated alike 
“just because they deal with losses in 
transformers, since the type of service 
for which the transformer is used may 
have an important effect on the result. 
In this case, the problem is to decide be- 
tween two types of step-down power 
transformers used on the’system to supply 
load at substations. The comparison is 
between a straight self-cooled transformer 
and a transformer equipped with supple- 
mentary cooling to give a continuous 
tating equal to the self-cooled unit. The 
full load loss in the latter is higher but the 
no load loss may be less. 


It is assumed that this transformer is . 


used on a system with the load duration 
curve and daily load curves of Figures 
1(A) and 1(B), which are reproduced in 
part in Figures 3(A) and 3(B). For sim- 
_plicity, the week-end daily load curve will 
be eliminated from consideration. The 
loss in the transformer is dependent on 
the current in the transformer, not the 
load on the system, so it is necessary to 
_ have the current duration curve and the 
envelope of the daily current curves for 
1 the transformer under consideration. If 
this transformer is to be purchased for use 
anywhere on the system, these curves 
may be quite different. A transformer 
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serving industrial load may have its peak 
load during the day while a transformer 
serving residential load is more likely to 
have its peak load in the evening. If the 
transformer is to be used for general ap- 
plication on the system, a weighting factor 
for the different types of service should be 
used. 

In this example, the type of service 
is known so that the annual current dura- 
tion curve and daily current curves for 
the transformer are those shown in 
Figures 3(C) and 3(D). 

With the current duration curve of 
Figure 3(C) known, the loss for each type 
of transformer is easily calculated, and a 
differential loss curve similar to those of 
Figures 1(C) and 2(C) can be plotted. 
The area integration gives the total an- 
nual energy difference for the two types 
of transformers, as before. 

The evaluation of this energy intro- 
duces some difficulties. As in the earlier 
examples, the cost of the differential loss 
is a function of system load and hence the 
transformer daily current curve must be 
correlated in some way with the system 
load duration curve. This can be done 
without too much effort by using the 
curves in Figure 3. Referring to Figures 
3(C) and 3(D), the current at point A on 
the current duration curve of Figure 3(C) 
occurs between the times A and A’ on the 
daily current curve of Figure 3(D). From 
Figures 3(D) and 3(B), it is evident that 
at this time of day, the system load is be- 
tween F and H with most of the loads be- 
tween Gand H. Itissafe to conclude that 
most of the transformer currents of mag- 
nitude A will occur when the system load 
is between G and H on the load duration 
curve. The cost of energy for loss A on 
the loss duration curve, therefore, can be 
obtained by averaging the incremental 
cost of energy on the system at loads G 
and H. Following this procedure, a cost 
duration curve can be plotted similar to 
those in Figures 1(D) and 2(D) and the 
total annual cost obtained by integration. 
By similar calculation for subsequent 
years, with the present worth factor in- 
cluded, the total cost of the differential 
energy during the life of the transformer 
can be determined for the two types of 
units. 


Conclusions 


These three examples are typical of the 
multitude of problems which arise in 
system planning in which the general 
method outlined can be used. Although 
it may appear that considerable work is 
involved, improvements and simplifica- 
tion in method will develop as each prob- 
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lem is considered, which will lessen the 
work. In many cases, certain variants 
will make little difference in the final re- 
sult and can be neglected. After a few 
problems of one type have been worked 
out rather completely for a given system, 
a set of values for many of the quantities 
will be obtained which often can be used 
to make subsequent solutions much 
simpler. 

It is well to emphasize that the pro- 
cedures have been outlined in each case 
because that was believed to be the best 
way to point out the factors to be con- 
sidered in such problems. These factors 
will vary in importance with the type of 
problem, the type of power system, and 
methods of operation. In some cases, the 
accounting practices of the particular 
company will have an important bearing 
on the procedure. In every case, how- 
ever, the planning engineer should be 
able to determine, within the accuracy ob- 
tainable in most planning problems, the 
cost which will accrue to the company 
over the years for the different ways of 
accomplishing the desired result. To do 
so, he must study each case carefully, not 
as an isolated problem, but as a problem 
which affects the system as a whole. Itis 
not a simple problem to evaluate these 
energy differentials, but it is a soluble one. 
A planning engineer is certainly not justi- 
fied in assuming in an economic com- 
parison of alternate facilities, even in a 
particular system, that a unit of energy is 
worth a given amount of money regard- 
less of the manner in which that unit of 
energy enters into the situation. 
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Discussion 


A.E. Knowlton (Electrical World, New York, 
N. Y.): From the papers presented at this 
session one could as likely draw confusions 
as to draw conclusions. It is evident that 
there is reasonable agreement on the major 
premises but comparatively little unanimity 
on the interpretation of the details. This is 
quite to be expected when engineers begin 
to delve actively in a realm previously re- 
served largely for the actuaries, account- 
ants, and rate specialists. 
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There is ample excuse for us engineers to 
examine our respective methods of deter- 
mining comparative costs for alternative 
ways of meeting a given engineering prob- 
lem. Nor is there any reason why they 
should follow the prescribed techniques of 
accountants. Their task is to evaluate 
present worth of some engagement that may 
stand as a commitment for 20, 30, 50, or 
even 100 years. 

It is extremely desirable that the various 
procedures exemplified by the papers be re- 
solved toward uniformity. There are three 
good reasons for a degree of standardization. 

1. It is due to investors in the enterprise 
that their money be spent as wisely and as 
advantageously as possible. The equip- 
ments purchased and system configurations 
decided should be based on as sound a tech- 
nical-economic basis as possible. 

2. It is due to the manufacturers to 
know how the criteria for competitive selec- 
tion of apparatus on an economic worth basis 
differ from company to company, or better 
yet, the degree of uniformity in establishing 
these criteria. 

3. It is due to the rate-payers and regu- 
latory authorities to have uniformity in 
judgment on the part of the regulated utili- 
ties in making expenditures that have to 
stand the test of prudence. Otherwise the 
least “prudent” utility (the one with the 
dullest pencil) may find itself paying a pen- 
alty because the criterion for decision on 
prudence may follow the pattern set by 
utilities that use the sharpest pencils. 

In brief there is ample urge to prosecute 
what this symposium has initiated toward 
exploration of engineering-economic theo- 
ries. Whether the accountants concur in 
the prospective conclusions is beside the 
point. At least the engineers will have 
made their decisions sound by clarification 
and unification. The expenditures will 
thus have been prudent at the source. 


W. E. Slemmer (Ebasco Services Inc., New 
York, N. Y.): Mr. Fugill has presented an 
excellent paper showing how to determine 
the quantity of the difference in energy loss 
between two plans and how to determine the 
incremental cost of producing that quantity 
of energy from a particular group of gener- 
ators. The paper is intended to consider 
only the energy component so that no dis- 
cussion of power or capacity component is 
included, although determination of over-all 
cost difference is not complete without ade- 
quate allowance for this component, which 
may be greater in magnitude than the 
energy component. A true determination 
of the number of dollars associated with the 
‘energy component as production cost re- 
quires consideration of the capacity com- 
ponent since the two must be co-ordinated. 

The literature includes many discussions 
of the evaluation of this capacity or demand 
component proposing several methods to be 
used for its evaluation. Each method is 
based upon the fact that sometime, addi- 
tional investment must be made in generat- 
ing equipment to supply this portion of sys- 
tem load. Then there is generating capac- 
ity on the system that would not be there if 
the loss differential were not present. This 
generating capacity is available not only to 
supply the capacity component but also to 
generate the necessary energy. The cost of 
the energy and demand components should 
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be based on the same generating capacity 
installation. The cost analysis proposed by 
Mr. Fugill would apply in those cases in 
which no capacity charge is required or in 
which the capacity charge is based on capac- 
ity having higher production cost than other 
sources available to the system. 


H. B. Dwight (Massachusetts Institute of 
Technology, Cambridge, Mass.): The 
problem of how much additional money 
should be paid for a transformer that has 1 
kw less copper loss at rated load than an- 
other, other things being equal, arises when a 
large transformer is purchased. There are 
two solutions. The first may be called the 
solution for a generating system; the sec- 
ond, the solution for an energy-purchasing 
system, 

According to the first solution, 1 kw of un- 
necessary copper loss at full load renders 
useless 1 kw of generating capacity, which 
usually has cost $100 or more, and it uses up 
fuel besides. For a numerical example, a 
steam station may be taken which uses 0.9 
lb of coal per kilowatt-hour, with coal at $10 
per ton. The “‘loss factor’? may be taken as 
0.2, that is, the number of kilowatt-hours 
per year is 8,760 X 0.2 = 1,752. The loss 
factor is the ratio of the kilowatt-hours to 
the number there would be if there were full 
load all the time. The loss factor is less 
than the load factor except in the case when 
they are unity. The fuel cost per year in 
this example is then 1,752X0.9X10.00/ 
2,000 = 1,752 X 0.0045 = $7.90. 

To have 1 kilowatt of generating capacity 
year after year entails an annual cost equal 
to the first cost multiplied by the ratio of 
fixed charges, the latter representing inter- 
est, depreciation, taxes, and insurance. 
Taking this to be 15 per cent, the annual 
cost is 15.00+7.90 =$22.90. The solution 
of the transformer problem then is 22.90/ 
0.15 = $153.00. 

An advantage of giving a numerical ex- 
ample of this kind is that the computation 
described is definitely shown. A disad- 
vantage is that some readers and discussers 
are likely to concentrate their attention on 
whether the illustrative cost values are be- 
fore inflation or after inflation, to the exclu- 
sion of the main problem. 

The second solution, to be used for energy 
purchasers where there is no demand charge, 
is obtained by multiplying the number of 
kilowatt-hours by the cost per kilowatt- 
hour. 

This solution should give at least as 
large a cost as the other. The cost of the 
energy would then be 22.90/1,752=0.0131 
dollars per kilowatt-hour, or more. 

The core loss of the transformer is treated 
in the same way as the copper loss, except 
that the loss factor is practically unity. 

The second solution has often been given 
in books on electric transmission and dis- 
tribution as the method for any type of com- 
pany and there have been many serious 
differences of opinion as to what numerical 
value of dollars per kilowatt-hour should be 
used. It would seem that the way to settle 
this question would be to compute the first 
solution and then make the second solution 
agree with it, as has just been done in the ex- 
ample. This, however, is awkward and un- 
necessarily indirect. It may be noted that 
the energy lost in line conductors has ex- 
actly the same characteristics as the energy 
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of copper loss in a transformer winding with 
which the conductors are in series. 

The figure of 0.0131 dollars per kilowatt- 
hour is not the incremental cost. Incre- 
mental cost is a well-known term and is the 
part of the cost of electric energy which 
varies with the kilowatt-hours. It is the 
same as incremental production cost. Fora 
steam station it has almost the same numer- 
ical value as the fuel cost, namely ,, 0.0045 
dollars per kilowatt-hour in the example 
given. Incremental cost is used in deciding 
which generating station in a city should be 
given an increase in load. The fixed charges 
for the generating capacity go on, regardless 
of load, and of the generating stations which 
are built and in operation, the one should be 
given an increase in lead which has the low- 
est fuel cost, or “incremental cost.” It is 
well known that if some offpeak energy is 
sold at a low rate based on the incremental 
cost, such a rate should not be used for 
normal cases, or for the bulk of the sales, as 
it is too low. It would not be possible at 
this date to assign a new and different defi- 
nition for the term ‘incremental cost of 
energy.” 

Mr. Fugill seems to have used the incre- 
mental cost of energy for the transformer 
problem, and has omitted the term of the 
first solution for cost of generating capacity, 
which results in an answer for the trans- 
former problem which is about one-third as 
large as it should be in this example for cop- 
per loss. He states in all three of his prob- 
lems that incremental cost is used. 

His problem of choice of power plant site 
is plainly one where the company owns the 
generating plants, and the problems of 
choice between a self-cooled and a water- 
cooled transformer and of choice between 
two types of substation transformer are 
apparently not those of a company which 
buys energy at a certain rate per kilowatt- 
hour without demand charge. The sentence 
in his second paragraph about differences in 
installed generating capacity does not 
describe the generating-capacity term of the 
first solution described in this discussion. 

A general statement should be given that 
1 kw of copper loss (or core loss) at rated 
load or peak load renders useless 1 kw of 
generating capacity, and the cost of this 
capacity constitutes the first component of 
the cost of the copper loss. 

A numerical example should be solved in 
Mr. Fugill’s paper. There is currently a 
debate! among engineers, resulting in dis- 
tinctly different numerical results for the 
transformer problem described. A numer- 
ical example would show almost unmistak- 
ably on which side of the debate Mr. Fugill 
is. In the example in this discussion, the 
only difference between the two transform- 
ers is the difference in energy of copper loss. 
In the second paragraph of the paper it is 
announced that a method is given for deter- 
mining.. .“‘the money value of that energy.” 
The paper should show in numbers, which 
are the engineer’s language, just what that 
method is, for when it is described in words 
it may be doubtful. 

An important question that can change 
the value of the second component of the 
cost of transformer loss by a large ratio is as 
follows: One is faced with the alternative 
whether to buy an expensive transformer 
with low losses, or a cheaper transformer 
with higher losses. The difference in price 
of the two transformers should cover the 
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two components of cost of losses. If one 
buys the cheaper transformer, part of the 
money saved compensates the company for 
the generating capacity rendered useless, 
which the company has already paid for. 
The question may be asked, should the re- 
mainder be large enough to be invested in 
stocks or bonds, paying perhaps 5 per cent 
interest which can pay for the additional 
fuel in the years to come, or should this \fuel 
cost be capitalized at the carrying-charge 
percentage, of about 15 per cent? This 
would represent a large difference in the 
valuation of the energy loss. The better 
method seems to be to compute first the 
annual cost for the alternatives. This is 
quite different from using present worth 
based on 5 or 6 per cent compound interest. 

If the apparatus producing the copper 
loss is a line conductor, the amount of 
money which the company should be willing 
to pay to provide extra copper is, in the 
notation very clearly described in a paper by 
P.H. Jeynes,? equal to G+E, where G is the 
capital cost of the generating capacity 
saved, and E is the value of the fuel loss or 
incremental loss saved, capitalized by divid- 
ing by the carrying-charge rate of about 0.10 
or 0.15. 
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G. D. Floyd (The Hydro-Electric Power 
Commission of Ontario, Toronto, Ont., 
Canada): The prime consideration when 
evaluating energy differences is to make an 
assignment of the cost of these differences, 
and this has not been treated in the paper, 
except to point out one method whereby the 
incremental cost of supplying the losses for 
various values of loads is used as the basis. 
Now there are many other bases, and while 
the author’s suggestion is probably as good 
as any other where steam plants are con- 
cerned, it might give a misleading answer in 
the case of hydraulic plants. In the latter, 
the incremental cost is more likely to be the 
cost of the next development, if costs are to 
be derived at values close to the system 
peak. If values are desired at smaller 
system loads, the cost might be that of pro- 
viding additional storage and at still lighter 
loads, the cost might approach zero, as the 
incremental losses could be supplied from 
surplus water. 

In the purely hydraulic system, the situ- 
ation is somewhat different to that prevail- 
ing to the purely thermal system. The fuel 
(in this case water) does not effect the costs 
nearly as much as in a thermal station, and 
therefore energy differences may not be as 
important as differences in peak capacity. 
Any evaluation of energy differences or peak 
capacity differences should, in my opinion, 
take account of this situation, and the paper 
therefore, while treating the matter of en- 
ergy differences very effectively, has not 
presented the complete picture. It there- 
fore lacks completeness in this respect. 
The treatment of this problem as applied to 
hydro systems might very well form the 
subject for another paper, and cannot very 
well be treated, even very briefly, in the 
scope of discussion of this nature. 
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In a combined hydraulic and steam sys- 
tem where hydraulic resources predominate, 
it would appear to be correct to use the in- 
cremental cost of steam generation for loads 
greater than those which can be supplied 
from hydraulic resources. There are ‘so 
many variable costs that it will often be a 
matter of judgment which to apply, and 
quite different conclusions may be drawn, 
depending on the dollar value assigned to 
the losses. 

The value of this paper would have been 
enhanced, in my opinion, if the author had 
indicated what proportion the cost of the 
losses was to the total expenditure, in the 
general case. I would expect that the pro- 
portion would vary widely. Isit!possible to 
determine in many cases by inspection, 
whether the cost of the losses is of such 
magnitude that they are unlikely to over- 
come the savings effected by the plan in- 
volving less capital expenditure, and so 
avoid what appears to be tedious, if not 
complicated, calculations. 


Lester B. LeVesconte (Sargent & Lundy, 
Chicago, Ill.): This paper together with 
the three companion papers! constitutes the 
beginning of a much needed field of investi- 
gation and study. They indicate the wide 
variations that exist today in this field. 
While this wide variation is often blamed on 
engineers, we suspect that the basic trouble 
is the lack of co-ordination between the 
engineers and the accountants. As has 
been pointed out in a previous discussion? 
the final choice of the equipment is often 
determined by accounting procedures rather 
than by engineering considerations. 

It would seem that this whole program 
has started out correctly with an exploration 
of all of the factors involved as has been 
done in this set of papers. A review indi- 
cates 50 or more factors that should be given 
consideration. The next step would be to 
determine reasonable limits for actual 
values of all of the factors. Then a study of 
these actual values would indicate that 
many of them can be combined into rela- 
tively simple rules. By this means it is 
hoped that the entire procedure can be sim- 
plified and standardized sufficiently to make 
it practical to apply this analysis more 
generally. At the present time it is rarely 
possible for all of the factors listed in these 
papers to be given serious consideration for 
any except the largest projects and many of 
them are usually overlooked entirely. 

A somewhat similar process of simplifica- 
tion was accomplished in the method for 
calculating short circuit currents. Fifteen 
years ago the correct determination® in- 
volved the initial and sustained values of 
subtransient, transient and synchronous 
internal voltages; direct axis subtransient, 
transient, and synchronous reactance; re- 
sistance in armature and external connec- 
tions; and the d-c, open circuit and short 
circuit transient and subtransient time con- 
stants. The answer could be further modi- 
fied by considering the change in excitation. 
All of this complication has been simplified 
to a few rules and multipliers using only two 
of the above factors and it is agreed that the 
answers have sufficient accuracy for prac- 
tically all of the problems involved. 

It is recognized that standard percentages 
cannot be applied to all cases. Different 
companies will have different interest rates, 
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taxes, and operating costs which must be 
given consideration. However, it should be 
possible to agree on a more uniform method 
of using these values. While accuracy is of 
the greatest importance in accounting pro- 
cedures it should be recognized that the 
problem discussed in these papers involves 
estimates into the future where extreme 
accuracy is impossible and many compro- 
mises and approximations can be used with- 
out affecting the decisions that are based on 
the analysis. In most cases the answer ‘is 
not one of fine degree but rather a choice 
between the two or three methods of accom- 
plishing the same result and the accuracy of 
the analysis is adequate if it does not change 
the choice of equipment. 
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L. K. Kirchmayer (General Electric Com- 
pany, Schenectady, N. Y.): The author 
has presented important considerations rela- 
tive to the choice of alternative facilities. 
With reference to the information on the 
choice of plant sites, this writer has the 
following comments. 

In widespread systems it is necessary for 
optimum system operation to schedule 
generation co-ordinating the effects of both 
incremental fuel costs and incremental 
transmission losses. Hence, the scheduling 
of generation of a given plant at a given site 
is dependent upon its thermal character- 
istics, the cost of the fuel at the site, and the 
electrical location in the network. In order 
to compare the system operation for a given 
plant located at either of two different sites 
it is necessary to determine the optimum 
operation of the system for each alternative 
plant location. One manner in which the 
difference in optimum operation of the two 
alternatives can be determined is as follows: 


1. Determine a transmission loss formula 
for the transmission system with both the 
proposed and existing plant sites as variables 
in the loss formula.! 

2. By methods available for co-ordinat- 
ing incremental fuel costs and incremental 
transmission losses determine generation 
schedules for various total loads with the 
new plant located at first one and then the 
other site.? 

3. Determine the transmission losses for 
the generation schedules obtained for the 
alternative plant sites by application of the 
transmission loss formula. 

4. Calculate the total fuel input for all 
the plants in the system in dollars per hour 
as a function of received load for both 
alternatives. 

5. Subtract the two fuel inputs in Step 4 
and obtain a curve of dollars per hour saved 
as a function of received load. 

6. The information in Step 5 may then 
be used in a manner similar to that described 
in the paper. 


REFERENCES 


1, ANALYSIS oF TOTAL AND INCREMENTAL LOSSES 
IN TRANSMISSION Systems, L. K. Kirchmayer, 


1859 


G. W. Stagg. AJEE Transactions, volume 70, 1951, 
pages 1197-1205. 


2. -EVALUATION OF METHODS OF CO-ORDINATING 
INCREMENTAL FuEL Costs AND INCREMENTAL 
TRANSMISSION Losses, L. K. Kirchmayer, G. W. 
Stagg. AIEE Transactions, volume 71, 1952 
(Proceedings T2-112). 


A. P. Fugill: The amount and quality of 
the discussion on this paper, and on others 
in the symposium, indicate an intense inter- 
est in this subject of economic comparisons. 
The author concurs with the conclusion in 
several of the discussions that complete 
unanimity of opinion on the subject has not 
yet been reached in the industry. In fact, 
one of the objects of the symposium was to 
bring such differences into the open for 
frank discussion as a prelude to later agree- 
ment, at least on general principles, if not on 
detailed procedures. It seems that the sym- 
posium has accomplished that purpose and 
may be the incentive for future efforts to- 
ward standardization. 

Some of the criticism of this paper in the 
written discussion seems to stem from a 
misunderstanding of the basic rules under 
which this paper and others in the sym- 
posium were written. It was agreed, be- 
cause of the widespread differences in condi- 
tions which exist throughout the industry, 
that only general principles would be in- 
cluded in these papers. The assignment of 
specific values, or even the presentation of 
exact procedures was not considered desir- 
able because they might differ for each com- 
pany. Furthermore, in this particular 
paper, the capacity component of the cost of 
energy differences was deliberately excluded 
because it will be covered in another paper 
which was originally scheduled for this meet- 
ing but was postponed until a later meeting. 
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With this in mind, certain of the discussion 
needs no comment. 

Mr. Knowlton makes the point that there 
is considerable lack of unanimity on the 
subject, particularly as to interpretation of 
details, and that a degree of standardization 
is definitely needed. There certainly can be 
no disagreement with this statement. 
There may, in fact, be more fundamental 
agreement on this subject already than 
appears from a superficial review of surface 
disagreements. 

Mr. Slemmer has correctly concluded that 
the paper was not intended to include the 
capacity component. On the other hand, 
that omission should not be interpreted as an 
indication that the capacity component of 
cost should be ignored in an economic com- 
parison. Obviously, in any actual compari- 
son, that component would be included. 

Much of Mr. Dwight’s criticism of the 
paper revolves about the omission of the 
capacity component and numerical exam- 
ples, and requires no comment as stated 
earlier. He is right in assuming that the 
author had in mind a system with its own 
generating plant, although the general prin- 
ciples could be applied just as well to one 
which purchased its power, since this 
merely determines more easily the cost of a 
unit of energy. The term “incremental 
cost”’ as used in the paper is not significantly 
different from the definition Mr. Dwight 
gives for that term. It is, in the paper, es- 
sentially the fuel cost of an additional unit of 
energy at the particular load existing at the 
time that the additional unit of energy is 
supplied. It does not include fixed charges, 
although it should include operating costs 
other than fuel. The point that is impor- 
tant, however, is that this incremental cost is 
not a fixed quantity for a given generator, 
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plant, or system, but depends upon the load 
at which the unit is operating at the mo- 
ment. Mr. Floyd’s discussien indicates quite 
clearly why it was undesirable to include 
specific procedures in this paper. As he 
points out, in a hydraulic system, the treat- 
ment might be quite different than in a 
steam system. Within the framework of 
the general principles stated in the paper 
the techniques should be suited to the par- 
ticular system. That can be done*most 
accurately by the planning engineer for the 
particular system. A universal mold will 
not fit all systems. Although it would be 
highly desirable to set up a yardstock to tell 
when the cost of losses is so insignificant 
that it can be neglected, it is not possible to 
state a general rule. Usually, however 
each engineer in dealing with his own sys- 
tem, will be able to determine this by a few 
simple calculations in each case. 

Mr. LeVesconte, in common with others, 
states that engineers and accountants vary 
widely in their approach to the problem. 
Here again, the difference may be more 
superficial than fundamental. After all, 
they are both interested in obtaining the 
actual cost to the company of the alternative 
methods under study and should be able to 
agree on a method to obtain it. Mr. Le- 
Vesconte suggests that a simple, unified 
method may eventually evolve which will be 
entirely satisfactory, in view of the fact that 
a high degree of accuracy in the result is not 
necessary. With that view, the author con- 
curs. 

Mr. Kirchmayer brings out the point that 
transmission losses also should be included, 
and proposes a method for doing this. This 
is certainly true and the proposed method 
offers considerable promise of being able to 
do this with a minimum of effort. 
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Synthesis of Paralleled 3-Terminal 
R-C Networks to Provide Complex 


Zeros in the Transfer Function 


P. F. ORDUNG 


ASSOCIATE MEMBER AIEE 


G. S$. AXELBY 


MEMBER AIEE 


Synopsis: A method is given whereby a 
transfer ratio that contains complex zeros 
can be realized by means of R-C (resistance- 
capacitance) ladder networks connected in 
parallel. It is an improvement on the 
method previously given by Guillemin in 
that fewer paralleled networks are required 
and the level of the transfer ratio is greater. 

The general procedure is (1) to convert 
the desired transfer ratio into the sum of 
several transfer ratios, each of which can be 
realized with a single ladder network, (2) to 
develop the theory of paralleling ladders, 
and (3) to develop the method of synthesis 
of the individual ladder networks in terms 
of a common driving-point admittance 
function. 


HE design of resistance-capacitance 

networks for the realization of a speci- 
fied transfer ratio (ratio of open-circuit 
output voltage to input voltage) has 
been treated in a number of papers.’ ~* 
Transfer ratio functions containing com- 
plex zeros have been synthesized with 
R-C networks in the form of lattices, 
bridged-T’s, and paralleled 3-terminal 
structures. The purpose of this paper is 
to demonstrate how the latter form can be 
used, but with fewer networks and ele- 
ments than in the method given by Guil- 
lemin,! where each term in the numerator 
polynomial of the transfer ratio is repre- 
sented by a 3-terminal network. 

The method for realization of a specific 
transfer ratio with an R-C network in- 
volves three steps. First, the general re- 
quirements for a transfer ratio that can be 
realized with an R-C network must be 
satisfied. Second, a suitable topological 
form must be selected for the network; 
and finally, the synthesis must be made 
to determine the parameter values. 
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Requirements for Transfer Ratios 
to Be Realized with R-C Networks 


The transfer ratio H(p) of the R-C 
network symbolized by Figure 1 can be 
expressed as the ratio of two polynomials 
in the complex frequency p=a+jw. 
This ratio can be identified with the ratio 
of two cofactors of the network deter- 
minant (obtained on a mesh basis) by the 
use of Thevenin’s Theorem. 


Av 
Qotapt+acp?+...arp” Yn A 
LORS aie Sie 
A 


(1) 


where h(p) and g(p) are polynomials in p, 
Yi. and Y: are the short-circuit transfer 
and driving-point admittances, A is the 
network determinant obtained by mesh 
analysis, and Aj. and Ay. are cofactors 
of A. Through a study of transients in 
R-C networks, Ax. can be shown to have 
zeros only at real negative values of p. 
The residue criterion for such networks® 
may be used to show that any zeros of 
multiplicity 7 in As must appear with 
multiplicity 7 or v-1 in Ay, An, and A. 
Thus the transfer ratio must have poles 
that are simple, and that occur at nega- 
tive real values of p. Since bridge net- 
works that balance at imaginary or com- 
plex values of p can be constructed, 
it follows that the zeros of H(p) may be 
real or complex. Complex zeros must oc- 
cur in conjugate pairs, however, since the 
coefficients in h(p) are real. Finally, the 
magnitude of H(p) must be finite at all 
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“real” frequencies (p=jw), otherwise 
some resistor would receive infinite power 
—an obvious impossibility. Any transfer 
ratio that fulfills the foregoing three 
conditions can be realized with R-C net- 
works. 

The topological considerations in the 
realization of a transfer ratio are much 
more subtle than the foregoing considera- 
tions of existence. This is true because 
the topology of the network is inherently 
involved in the synthesis process, as will 
be evident from the following discussion. 
The procedure for the realization of a 
transfer ratio is to synthesize the driving- 
point admittance Yo. in such a way that 
the transfer admittance Vy also is real- 
ized. This is done by selecting a poly- 
nomial f(p) to correspond to the network 
determinant A, so that the transfer and 
driving-point admittances can be identi- 
fied as 


and (2) 


Vn = 2? 
G2) 


For the realization of Yo. in the form of an 
R-C network, a great variety of choices 
may be made for f(p) as long as the func- 
tion satisfies the requirements that its 
roots be negative, real, and simple, and 
that they alternate with the roots of g(p). 
For any f(p) that satisfies the above re- 
quirements, the residue criterion’ may be 
used to show the existence of an R-C 
network that realizes the desired Yio, as 
well as Yo. However, the topological 
form of the network that will realize both 
Yio and Yo for arbitrarily selected f(p) 
is not known; that is, the number of 
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R-C NETWORK 


Figure 1 (above). 


Figure 2 (right). Paralleled ladder networks 


meshes and their arrangement is not de- 
terminable from f(p). A previous paper? 
has shown that a network of lattice form 
can realize the desired H(p) for any choice 
of f(p) that allows Y22 to be synthesized. 
In the case of a 3-terminal network, how- 
ever, there are definite restrictions on the 
location of the zeros of f(p) and these re- 
strictions can be stated only after the 
topological form of the network has been 
chosen. 


Synthesis with Paralleled Ladder 
Networks 


The topological form employed for the 
realization of a transfer ratio with com- 
plex zeros will be chosen as a set of ladder 
networks connected in parallel at their 
input and output terminals as shown in 
Figure 2. 

Each of the ladder networks used in- 
Figure 2 can be used to realize a trans- 
fer ratio of the form 

hi(2) 


A, )=—— 
= 0) os 


where /7(p) has 
(1) simple poles that are negative and real 
(2) simple or multiple zeros that are negative 


and real (3) a finite magnitude of the trans- 
fer ratio for all values of w. 


The first step in the synthesis is to ex- 
press the /(p) in equation 1 as the sum of 
polynomials 

hp) =hi(p)+ho(p)+...+h(p) (4) 


where each of the 4,(p) has zeros at nega- 


General resistance-capacitance network 


(See Appendix). 
Then the transfer ratio H(p) can be ex- 
pressed as 


> Hane > ; 
= Hn 5) 
H(p)= (p) (2) ( 


tive real values of p. 


where each term in equation 5 can be 
realized as the transfer ratio of an R-C 
ladder network by a method analogous to 
one described by Ordung and Fleck.* 

If the network that realizes H,(p) is 
synthesized with the driving-point-ad- 
mittance 

a; g(P) 
Yooay = 

A f(p) 
the network that realizes H2(p) is syn- 
thesized with the driving-point admit- 
tance 


: a2 (Pp) 
BOA f(P) 


and so forth, where the factors a,/A are 
admittance-level adjusting constants, the 
parallel combination of the ladders will 
realize H(p) to within a constant of pro- 
portionality. A polynomial f(p) must be 
chosen in such a way that Vo.3=g(p)/f(p) 
can be realized with resistances and 
capacitances. For the realization of the 
transfer ratio of the mth ladder structure, 
it is necessary that that ladder be de- 
veloped from Yo) in such a way that 
its short circuit transfer admittance is 
obtained as 


hn(d) 
f(P) 


Vien) Stn 


(6) 


Figure 3. 
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Ladder networks separated into L-sections 
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wherein the constant 7, is a value that can 
be computed only after the network has 
been synthesized. When the ladders are 
paralleled the over-all short-circuit trans- 
fer admittance obtained should be pro- 
portional to the value of Vy. given by 
equation 2. In order for this to be ac- 
complished it is necessary that the com- 
ponent admittances in each of the ladders 
be scaled in such a way that the corre- 
sponding short-circuit transfer admit- 
tances are realized as 


Y. al ale) 
pecans BT 
¥i22) =7 re (7) 
Vo antn lal) 
aie Tels) 
where 
QP) = A2r2 = A3r3=. . .antn=1 (8) 
and where 
A=ata:ta;+... (9) 


The transfer ratio that results when these 
ladders are paralleled is 


In(p) , heb) ) 
Paes Aap tat _1 h() 
i A g(p) 
e Ya+s * Vat = Vo 
(10) 


Thus 1/A is the level of the transfer ratio 
actually achieved. 

This section has shown how a transfer 
function that contains complex zeros may 
be represented by a sum of transfer func- 
tions that contain only real zeros, and that 
ean be realized with R-C ladder networks. 
The next section will discuss the method 
of synthesis of one of the ladders. 


Synthesis of a Ladder Network to 
Realize H,(p) 


In the synthesis of the paralleled-lad- 
der network the polynomial f(p), which 
is common to all of the ladders, must be 
chosen in such a way that each of the in- 
dividual ladders represented in Figure 2 or 
equation 7 can be synthesized to yield the 
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desired transfer function. The deter- 
mination of f(p) for a single ladder net- 
work that has the transfer ratio H,(p) 
given by equation 3 will be considered 
first, The ladder network of Figure 3 
has been drawn in such a way as to sepa- 
tate the L-sections of which it is com- 
posed. If loading effects were ignored 
(which,could be done if a vacuum tube 
were placed between each section) the 
transfer ratio of the rth section would be 


Zor 


H (Ge Sa 
“a Lo +Zo, 


(11) 
and the over-all transfer ratio would be 
the product of the transfer ratios of the 
individual sections. 


A(p) =Hi'(p) XMi'(p) xX... XA (p) 
(12) 


By ignoring the loading effects, a network 
configuration that will permit the intro- 
duction of the zeros and poles of Hi(p) 
may be chosen, and its transfer ratio is 
approximated by equation 12. Then an 
f(P) is chosen to give a Vx that is realize- 
able. This Yo: is synthesized in the con- 
figuration previously determined, with 
the element values proportioned so as to 
introduce the desired zeros and poles of 
H,(?). 

Figures 4 and 5 show typical L-sections, 
and indicate their transfer ratios, zero- 
pole groupings, and asymptotic plots of 
the transfer ratios. The procedure for 
designing a ladder network of the form of 
Figure 3 to provide the transfer ratio 
given by equation 12, is to choose from 
Figures 4 and 5 the L-sections that would 
permit H,(p), H,®(p), and so forth, to 
be realized if loading were ignored. In 
other words, H,(p) is factored, and groups 
of factors are chosen to correspond to 
HA, (p), H, (p), andso forth, where H,” 
(p) contains the factors in the transfer 
ratio of the rth section. Note that the 
sections in Figure 4 give unity transfer 
ratio at zero frequency, whereas the sec- 
tions of Figure 5 give unity transfer 
ratio at infinite frequency. Since any 
ladder is likely to be constructed of both 
kinds of sections, it follows that the over- 
all transfer ratio will generally be less than 
unity at all frequencies. The zeros and 
poles of H\(p) may generally be grouped 
in a number of different ways, each yield- 
ing a different configuration of L-sections 
to form the network. The configuration 
that yields maximum over-all transfer 
ratio should be chosen from consideration 
of the multiplying constants contained 
in the transfer ratios listed in Figure 4. 
(Several configurations may be possible to 
give the same transfer level.) 

After the appropriate types of L-sec- 
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Figure 4. Typical L-sections 


Resistance in shunt with C, can be provided with a slight reduction in h 


tions have been chosen from Figures 4 and 
5, they may be cascaded in an arbitrary 
order to form the ladder network. If the 
impedance level is scaled up progres- 
sively in going from the first to the mth 
section, see Figure 3, the value of the out- 
put driving-point admittance Y2. will be 
determined primarily by the values of 
Zm and Zon, in the nth (output) section. 
Going back from the output terminals, 
each successive section (w—1, n—2,... 
1) will have a lower impedance level and a 
relatively smaller effect on the value of 
Yo. This requirement is used as a guide 
in choosing the roots of f(p) which are the 
poles of V2. The zeros of ¥22 are known, 
since they are the zeros of g(p) [poles of 
H(p)]. After these zeros have been as- 
signed to particular L-sections, and the 
order of the L-sections in the ladder has 
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been chosen, the zeros may be plotted 
on the p-plane as shown in Figure 5, with 
each zero identified with the number, 
from Figure 3, of the section with which 
itis associated. The poles of Y22 (roots of 
f(p)) must then alternate with the zeros, 
as is indicated by the dotted crosses in 
Figure 5. The value of V2 at some fre- 
quency w, is determined by the product of 
the vectors drawn from its zero to W, 
divided by the product of the vectors 
drawn from its poles to w,.® Therefore, if 
the locations of the poles are chosen so 
that 


Bae iene taes 


=: REC 
dyn dn—2 dn—2 


where the distances indicated by the b’s 
and d’s are indicated in Figure 5, the de- 
sired impedance scaling will be accom- 


(13) 
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Figure 5. Typical L-sections 

The capacitors Cy and Cy can be provided with shunt resistors Ry and Ry without reduction in h 

provided 1/RyCy is sufficiently near zero, The pole in the series arm 1/RyCy must then also be a 
pole of the shunt arm of the L-section 


plished, Pquation 13 is discussed in de- 


tail by Fleck and Ordung in reference 8, 


has been chosen to yield //\(p), As the 
value of the fraction is decreased, the 
‘Generally the value of each of the ratios — chances of obtaining a realizable network 
in expression 13 is adjusted to be some — increase, but the change in impedance 
fraction of the ratio that precedes it; level from one end of the network to the 
that is other may become excessive, as illustrated 
by the example that follows. The only 
known way to test the validity of the 
choice of locations for the poles of Vrs is to 
try to synthesize the network in the prede- 
termined form, If the process fails, that 
is, if negative resistances or capacitances 
are encountered, the only recourse is to 
shift the poles of Vy) closer to the Zeros, 
thus decreasing the loading effects and 
try again, 


bp hs 1 Ono Ont i iL Ono 
Gn 10, daar: Gag 10 dyoy 


The fraction need not be the same for 
all of the inequalities, and its value must 
be adjusted to fit the particular problem, 
In general, if the fraction is made too 
large the loading effects become great 
enough to prevent the realization of the 
given Yo in the form of the network that 
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Synthesis of Several Ladders in 
Parallel 


Each of the paralleled ladders is syn- 
thesized by the method given in the pre- 
ceding section, However, since all of the 
ladders must have the same Yu, the 
poles of Vy. chosen for the first ladder 
must be common to all the ladders. This 
requires further that the zero (s) of Yo. as- 
sociated with the nth L-section of the 
first ladder network must also be asso- 
ciated with the mth L-section of all the 
other ladders. 

Therefore, after appropriate L-sections 
have been chosen to realize the desired 
transfer ratio of each of the ladders, the 
L-sections must be arranged in the same 
order with respect to zeros of Vy» that they 
introduce, in all the ladder networks, 
This is a necessary requirement to make 
the impedance level increase properly 
from section to section in each of the lad- 
ders. 

After the individual ladders have been 
synthesized, their impedance levels must 


be properly scaled so that when all the — 


ladders are paralleled, the over-all trans- 
fer ratio will have the desired form. This 
is done in the following manner. The 
transfer ratio of each ladder network must 
be evaluated at any convenient fre- 
The result will come out in the 


quency, 
form 

hp) 

IT =| : 

ip) at up) 


where /y»)/g(p) is the value of J7,(p) ini- 
tially chosen, and 7, is a constant multi- 
plier determined by the parameter yalues 
of the network, Since this is the factor 
y appearing in equations 7, the values of 
(l}...d@, May be chosen to satisfy equation 
8. The factors a/A that are used to ad- 
just the relative impedance and transfer 
ratio levels according to equation 10 may 
then be determined by the use of equa- 
tion 9, 


Summary of the Synthesis 
Procedure 


The steps in the synthesis procedure 
may now be summarized as follows: 


1. Separate the polynomial 4(p) which has 
complex zeros into a sum of polynomials 
which have ouly real zeros in the manner of 
equation 4, From this process obtain the 
set of transfer ratios for the component lad- 
ders that will ultimately be paralleled to 
realize H(p), 


2. Pxpress the transfer ratio H,(p) of each 
of the component ladder Structures in a fac- 
tored form so that its zeros and poles are 
evident, Then for each /7/,(p), group the 


zeros and poles into sets which ean be as-— 


signed to L-sections selected from Wigures 
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4and 5. The only groupings that should be 
considered are those for which the transfer 
ratio is a maximum. 


3. Plot the zeros of g(p) on the p-plane. 
Number these zeros in correspondence with 
the order in which the L-sections are cas- 
eaded in the network. Note that the order 
of the zeros of g(p) for each of the ladders 
must be he same. 

4. Pick the poles of Ys: [zeros of f(p)] such 
that the poles separate the zeros of Y2 
[zeros of g(p)] and such that the locations 
of the zeros and poles satisfy the loading 
considerations expressed in relation 13. 

5. Synthesize each of the component lad- 
ders by removing elements in such a way 
that the forms established in step 3 are 
realized. | 

6. Calculate the short-circuit transfer ad- 
mittance of each ladder from equation 7, 

7. Determine from equations 8 and 9 the 
sealing factors to be applied to each of the 
ladders. 

8. Scale the ladders accordingly and then 
parallel them. 

9. In the final structure, scale all imped- 
ances to suitable sizes. 


EXAMPLE 


An example has been chosen to illus- 
trate the method of synthesis and to con- 
vey some concept of the variety of the 
ways for synthesizing the network, 

Given 


H(p)= 
p'+124p3+ 11.37 X10'p?+6.63 X 
10°+9.5 X107 
p'+38 X 1063+5.39 X 10°62 +3.382 X 
10°>+7.920 X10! 
(14) 


_) = 
a(p) 
(p+32.1+328)(p+32.1—j328) X 
(p+36.1)(p+24.1) 
(p+800)(p+900)(p+ 1,000)(p+ 1,100) 


There are a variety of ways in which the 
h(p) may be separated into the form of 
equation 4. In this example, the separa- 

tion has been accomplished by making 
the identifications as follows: 


Ii(p) 
Hy(p)= 
?) (Pp) 
= (a 
(p+800)(p+900)( p+ 1,000)( p+ 1,100) 
(15) 
: hop) 
Hy : ae 
a 2) (Pp) 


_ _124(p+23.64)(p+855.5)(p+37.86) 
~ (p+800)( p+900)(p+1,000)(p+ 1,100) 


_Hi(p) can be approximated with four 
sections of type-D chosen from Figure 5; 
hence H,(p) can be realized with one of 
the canonic forms of driving-point R-C 
admittances. Of the many networks with 
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which H;(p) can be approximated with 
maximum gain factor, the one selected 
consists of three sections of type-E, from 
Figure 5, and one of type-A, from Figure 
4, The two networks that approximate 
H,(p) and H,(p) are shown in Figure 7, 
and the zeros and the poles assigned to 
each L-section are indicated. There are 
several possibilities for the correlation of 
the zeros with the poles of H2(p) in the 
individual L-sections, all equally good, 
and from these several possibilities the 
one above has been chosen. In this ex- 
ample the polynomial f(p) can have only 
three roots because the form of the net- 
works selected requires a simple pole of 
Vo at infinity. 

With these roots, the zero-pole diagram 
shown above has been constructed. In 
selecting f(p), the values taken for b3/ds, 
be/ds,b;/d, are 
Pm 05 


ds 


(16) 


hon, 1 

yall 

The ratio b,/d, was taken at what was 
thought to be its largest permissible 
value. It probably cannot be larger be- 
cause otherwise the poles denoted by bs 
would be closer to the fourth zero than to 
the third zero. The other ratios were 
chosen arbitrarily in the manner de- 
scribed in connection with inequality 13, 
With these values for ratios, the poly- 
nomial f(p) was determined to be 


S(b) =(£+860)(p+970)(p+ 1,090) 


Hence Yo» is 


(17) 


_(b+800)(p+900)(p + 1,000)(p+1,100) 
(p+860)(p+970)(p+1,090) 

(18) 

The first approximate network is a 

canonie form of driving-point admit- 
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tance, So its sytithesis can be carried out 
in the conventional fashion described in 
varous texts. The second approximate 
network is not so simple, as it involves 
composite sections. Its synthesis must 
be made with considerable accuracy, 
otherwise the accumulation of errors may 
at a later stage in the synthesis make an 
otherwise realizable network become un- 
realizable. 

The process for realizing the second net- 
work has been described in detail in an 
earlier paper;? hence it will not be de- 
scribed here. A word of caution should 
be injected in connection with this syn- 
thesis process. At each stage of the 
process where an element of the network 
is to be removed from the admittance’ 
function, the function should be examined 
to determine whether or not an element 
of this size could be removed. This test 
is important because it demonstrates 
whether or not the process of synthesis 
fails at some stage of the development 
and it helps to catch errors which are alto- 
gether too easy to make, 

The exact networks together with the 
transfer function that they realize are 
shown in Figure 8. Now these networks 
must be properly scaled in order that 
when they are paralleled they will realize 
the proper over-all transfer ratio. If the 
transfer ratios achieved with the ladder 
networks of Figure 8 are compared with 
the desired transfer ratios expressed in 
equations 15, the 7’s given in equation 6 
must have the following values: 


n=l 
878 
Senne 19 
sere Vie a2) 


Thus according to equation 8, the a's 
are chosen as 


ay =] 
ue 0.141 (20) 
a= = «i ~ 
878 
jw 
P-PLANE 


Figure 6. A possible arrangement of the zeros of Y2. numbered in correspondence with the 
L-sections with which they are associated. Possible locations of the poles of Y» (zeros of F(p) 
are shown by the dotted crosses) 
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Figure 7. The approximate networks for realizing Hi(p) and H,(p) and the zero-pole diagram of 
Y2 in the manner of Figure 5 


And from equation 9 


A =a,+a;=1.141 (21) 


Thus according to equation 10 the driv- 
ing-point admittance of the network that 
realizes H,(p) is scaled by a,/A=0.875 
yielding 


Van = 0.875 Yo (22) 
correspondingly 

a2 
Yn =7 Yoo = 0.123 Yoo (23) 


This means that each resistance in the 
ladder that realizes Hi(p) is multiplied by 
1/0.875 and each capacitance is multi- 
plied by 0.875. When the ladder that 
realizes H2(p) is correspondingly scaled, 
the paralleled combination shown in 
Figure 9 has the driving-point admittance 
Yo and the transfer ratio 
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1 hp) 1 
EO) gp) 1.141 
p'+124p?+11.37 X104p?+6.63X 
10°P+9.5X 107 
b'+3,800p?+5.39 X 10°p? +3.382 X 
10°6+7.92 10" 
(24) 


In order to obtain more reasonable sizes 
of resistances and capacitances, the driv- 
ing-point admittance Vx of the network 
constructed by paralleling the component 
ladders should be scaled. That is, all re- 
sistances should be divided by a suitable 
factor and all capacitances multiplied by 
the same factor. The over-all transfer 
ratio is unchanged, but the driving-point 
admittance YV2:, as well as Vj. and Vu, 
are multiplied by a scaling factor. In ob- 
taining the networks shown in Figure 9, 
the individual ladders that realized H,(p) 
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and H2(p) were respectively scaléd and 


then all resistances were further divided 
by 2 X 10-8 and all capacitances were fur- 
ther multiplied by 2 * 107°. 


‘Conclusions 


The synthesis procedure described in 
this paper produces a network that, con- 
tains fewer paralleled ladders and much 
smaller aggregate capacitance than an 
analogous method previously described 
by Guillemin. The reduction in the 
number of paralleled ladders results in 
less loading on each individual ladder. 
Consequently, a higher possible transfer 
level is attained for both the individual 
ladders and the over-all network. In the 
foregoing example the transfer ratio must 
be limited to a maximum value of unity 
at infinite frequency. The transfer ratio 
of the network of Figure 9 is 1/1.141 at 
infinite frequency, or 87.5 per cent of the 
optimum value. 

On the other hand, it would seem from 
the example selected that unduly large 
range of parameter values is involved. 
This is characteristic of the particular ex- 
ample and not necessarily characteristic 
of the method. In the example chosen, 
the large range of parameter values is a 
direct consequence of the fact that the 
zeros of Y2: are closely grouped, and that 
the group is at a considerable distance 
from the origin of the p-plane. Thus, in 
order to place poles between the zeros, the 
percent of loading assumed must be small. 
For the same distribution of zeros, any 
of the Cauer ladder forms will have a 
similar range of parameter values. This 
means that the Guillemin realization of 
this particular transfer ratio will have a 
range of parameter values comparable to 
that in the example. 

The concluding observation may be 
made that when the poles of a transfer 
ratio are necessarily closely grouped and 
far from the origin, it is probably better 
from the standpoint of range of parameter 
values to factor the transfer ratio into the 
product of two or more component trans- 
fer ratios and to realize these as networks 
coupled together by vacuum tubes in 
order to avoid the excessive range of part 
sizes. 


Appendix | 


The reduction of a polynomial containing 
complex zeros into a sum of polynomials 
containing only real zeros can be accom- 
plished in a variety of ways, the extent of the 
variety depending upon the particular poly- 
nomial which is to be reduced. It is unfortu- 
nate that in so far as the authors have been 
able to determine there is no criterion for 
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determining the least number of poly- 
nomials with which equation 4 can be ac- 
complished. Some of the ways in which the 
breakup can be accomplished will be illus- 
trated. Let 


Wp) =(p+on)...(p+an+jpn)X 


(p+an—jn) (25) 


where the roots may be real or complex pro- 
vided the complex roots occur in conjugate 
pairs. One method is that due to Guillemin, 
in which h(p) is written in the form 


hp) =arp' +a,ip" *+....+aip+ao 


and in which the following identifications 
are made: 


(26) 


hip) =arp" 
hra(p) =an—p"-} (27) 
ho(p)=4ao 


For an rth degree polynomial h(p) this gives 
r+1 polynomials, each with zeros at the 
origin, and the synthesis requires r+1 
paralleled ladder networks. 

Another way is to let 


hq b) = arp! +a,ap"™? 
hg—lp) = a;-op* +a;_sp" * 


(28) 


thus yielding in general a number of ladders 
given by the first integer >r+1/2. This 
method involves approximately half as 
many ladders. In general, the more terms 
of h(p) that can be included in a given poly- 
nomial hg(p) subject to the requirement that 
hq(p) has real negative zeros, the fewer will 
be the number of the polynomials and the 
fewer will be the number of ladder structures 
involved in the synthesis process. 

Another method which deserves mention 
is that in which the transfer ratio 


hp) 


H(p)=—— 29 
() ab) (29) 
may be expressed as 
h'(p) 
H(p)= Sarre 30 
(p) hor ’) (30) 


where h’(p) has real positive coefficients. 
In turn h’(p)/g(p) may be realized by the 
methods of this paper. In the final network 
the constant i, in the transfer ratio is real- 
ized by connecting between the input and 
output terminals, an appropriately scale 2- 
terminal admittance kY2. where k is the 
sealing factor. 

As the designer becomes familiar with the 
process, other methods for breaking h(p) 
will become evident. The virtues associated 
with the variety of methods for reducing 
h(p) is that for each way of reducing h(p) a 
particular network exists; hence the extent 
of the variety of ways of reducing h(p) is 
the extent of the variety of networks that 
will have the same transfer ratio. 
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The Magnetic Cross Valve 


H. J. McCREARY 


FELLOW AEE 


Synopsis : This is the discussion of a 
basically new electromagnetic device in 
which two stationary coils with no mutual 
inductance to each other in the ordinary 
definition of the term, transfer energy from 
one coil at one frequency to the other coil at 
a second frequency through the medium of a 
vector or field of flux which follows a lissa- 
jous locus or mode of motion. It is eom- 
pared to rotary electromagnetic devices in 
which the more simple lissajous mode of 
motion or circle is used and to the trans 
former which has but one degree of freedom, 
Saturation of the core legs in sequence 
causes an instantaneous mutual inductance 
to become active, and alternating at a fre- 
quency different than the power source, 


General 


HE MAGNETIC cross valve in its 
H pee basic form consists of an iron 
core which looks very much like a pretzel 
as shown in I"igure 1(A) or like a Duteh 
window as in Iigure 1(B). 
have the essential 


Both cores 
basic and common 
facility of providing magnetic paths which 
cross each other at right angles and of 
being symmetrical to each other, 

Upon either the igure 1(A) or Figure 
1(B) type core, two coils are wound, des- 
ignated A and B, and these coils also are 
at right angles and symmetrical to each 
other, The coils A and B are as nearly 
noninductive to each other as it is prac- 
tical to make them. 

When an a-c power source is applied to 
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from his Thesis prevented to the University of 
Nebraska, Lincoln, Nebr., June 1, 1950, 


1868 


coil A, the potential induced in coil B as 
indicated on a standard voltmeter is neg- 
The mutual inductance can 
therefore be considered as negligible. 
If coil B is short circuited, there is no 


ligible. 


reaction on the current drawn in coil 
A, another criterion of no mutual induct- 
ance. 

With this short introduction, the 
reason for calling this device a magnetic 
cross valve is at least partially apparent. 
First, the magnetic fluxes apparently 
cross and are symmetrical, Second, the 
magnetomotive forces of the two coils 
cross symmetrically at right angles. 
Third, the flux produced in the core by 
one coil may saturate the possible core 
paths of the other coil even though none 
of its flux links the other coil and in- 
duces no electromotive force in the other 
coil, 


Basic Characteristics 


Now, as in Figure 1(C), if a capacitor 
of suitable size, say 6 microfarads, is con- 
nected across coil B with coil A ener- 
gized, it will be found that there is still no 
voltage across coil B, However, if a 
transient voltage or impulse is introduced 
into coil B this arrangement may break 
into a state of oscillation and an alter- 
nating current will persist in coil B as long 
as coil A is energized, The frequency in 
coil B may or may not be a subfrequency 
of the power supplied to coil A. It was 
found that if a continuous d-e magneto- 
motive force is superimposed on the mag- 
netic circuit of coil A as in Figure 1(D) or 
Figure 1(E), there is a tendency for an 
even subharmonic to appear in coil B, 
(that is, with 60 cycles applied to coil A 
with d-c superimposed) either 30 cycles or 
15 cycles may be obtained from coil B. 

If the current in the output coil of 
Wigure 1(C) is of such a value as to cause a 
degree of saturation, then an odd sub- 
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Hf 


re 


harmonic may be generated in the output 
coil. The technique and design of equip- 
ment for starting and generating an odd 
subharmonic will be described later, but 
for the present only the generation of even 
subharmonics will be discussed. 

It has been noted that there was a neg- 
ligible mutual inductance between coil A 
when A was energized and B was open or 
short circuited. 

Actually, in a model in which no par- 
ticular pains were taken to obtain a per- 
fect balance with 110 volts 60 cycles on 
coil A, of 400 turns, a voltage of less than 
0.25 volt was measured with a vacuum 
tube voltmeter of high impedance (about 
1,000,000 ohms) across coil B of 1,100 
turns. This shows that less than 0.83 
per cent of the flux through coil A passes 
through coil B. Rebalancing the legs by 
changing the laminations, this was fur- 
ther reduced to 0.02 volt or 0.006 per cent 
of flux in coil A passing through coil B. 
Such an insignificant amount of mutual 


Figure 1(A). Magnetic cross valve first type. 
(B). Magnetic cross valve second type. 
(C). Cross valve with no inherent mutual 


inductance. (D). Even subharmonic cross 
valve using battery. (E). Even subharmonic 
cross valve using rectifier ¥ 
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Figure 2. Magnetic cross valve showing varying distribution of magnetomotive force 


inductance cannot account for what 
takes place and in so far as this device is 
concerned can be neglected and assumed 
to be zero. Atsucha fine value of balance 
a higher frequency of induced potential 
was noted which was probably caused by 

the Barkhausen effect. This fine degree 
of balance did not seem to affect notice- 
ably the ability of the unit to start in the 
two cases mentioned previously. 

Now consider the case when 30-cycle 
power is produced in coil B and coil A is 
energized by 60-cycle power. Is there 
negligible mutual inductance between 
coil A and coil B? First consider the 
ATEE American Standard definition of 
mutual inductance: 


“Mutual Inductance is the common prop- 
erty of two associated electric circuits which 
determines, for a given rate of change of 
current in one of the circuits, the electro- 
motive force induced in the other.”’ 


Now from this definition it is clear 
that, in order to have mutual inductance, 
what takes place in circuit number 1 must 
have mathematical relationship with 
what takes place in circuit number 2. 
Specifically the potential in the primary 
coil 1, or at least some component of it, 
must be equal to a constant M multiplied 
by the rate of change of current in the 
secondary. Likewise the potential in the 
secondary coil 2 or at least some com- 
ponent of it must be equal to this same 
‘constant M multiplied by the rate of 
change with respect to time of the current 
J 
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in the primary circuit. The relations just 
stated in the definition, between coil 1 and 
coil 2, apparently do not exist between 
coil A and coil B of the magnetic cross 
valve. The reasons that these relations 
do not exist in the magnetic cross valve 
are as follows. 

The current in coil A is pulsating direct 
current or alternating current superim- 
posed on direct current of 60 cycles per 
second. If mutual inductance existed 
from coil A to coil B, then at least some 
component at 60 cycles per second would 
be induced in coil B. If this were true 
then the resulting potential wave of coil B 
would not be symmetrical in the positive 
and negative halves. However, since the 
wave is symmetrical, apparently no mu- 
tual inductance exists from coil A to coil 
B. Likewise if mutual inductance ex- 
isted from coil B to coil A then some com- 
ponent of 30 cycles would appear in coil A, 
but since successive waves of current and 


(A) 


Figure 3. Magnetic cross valve. (A). 
coils so that horizontal legs only are effective. 


No inherent mutual inductance. (B). 
(C). Currents in coils so that vertical legs only 


voltages are of the same size, apparently 
no mutual inductance exists in this direc- 
tion. 

It may be asked how does energy get 
from coil A to coil B? 


Energy Transformed Without 
Mutual Inductance 


In the present instance it appears that 
something new is encountered. A device 
in which energy is transferred from a 
single coil to another single coil without 
moving parts through the medium of 
magnetic energy and yet no mutual in- 
ductance under the ordinary meaning 
seems to exist. 

Refer now to Figure 2 and consider 
what happens in a magnetic circuit with 
multiple parallel paths possible. In prac- 
tical work, constant mw (permeability) is 
usually assumed and an equation can be 
used as: 


F 
Powe a 


R 

Here flux is equal to magnetomotive 
force divided by reluctance. This is the 
equivalent of Ohm’s law applied to mag- 
netic circuits. 

However, # (permeability) is not a con- 
stant, and the flux does not always follow 
the same pathway. The magnetomotive 
forces per unit length, also the flux densi- 
ties, both vary throughout the whole 
structure and in all directions. Like- 
wise because the frequencies of the two 
coils are different, all of these relations are 
different with respect to time. First con- 
sider magnetomotive force. 

At a given instant, specific values of 
current and magnetomotive force exist in 
the magnetic cross valve. At such an in- 
stant the directions and magnitudes of 
currents are known and curves repre- 
senting the magnitude and direction of 
magnetomotive forces can be determined 
throughout the structure. 

In Figure 2, as shown, the current in the 
conducting copper of coil B window W; 
is assumed to be downward, while it is 
upward through window W2. The cur- 


(C) 


Currents in 


are effective 
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Figure 4 (above). 


Figure 6 (right). 


magnetic fluxes 


rent in the conducting copper of coil A 
window W; is assumed to be downward, 
while in window W, the same current is 
upward. The foregoing fact is indicated 
schematically by the crosses denoting the 
tails of the arrow, and the dot the point 
of the arrow. 

When curves of magnetomotive force 
are superimposed on the core of Figure 2 
it is clear that the summation of H (mag- 
netomotive force per centimeter) about 
the magnetic circuit gives an over-all mag- 
netomotive force which is most concen- 
trated near the conducting copper. 


Oscillograms of input and output voltages currents and 


Magnetic cross valve with oscilloscope connections 


(A) 
Va 
1100T ©) 
Ia 
410V | 
30% 
(C) 
or 


(D) 


It is observed that the iron immediately 
adjacent to the conducting copper will ex- 
perience a magnetomotive force which is 
almost a direct function of the current in 
the adjacent copper, but the magnetomo 
tive force back in the iron core is a com- 
promise between it and the other con- 
ductor. 


(C) (D) 


(G) (H) 


Lissajous figures showing relative values of magnetomotive force and magnetic flux 


in a magnetic cross valve 


Q, 
(A) ®) 
O, ®, 
== 0; -—9 
(E) (F) 0, 
(I) 
Figure 5. 
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The path of least reluctance for the 
magnetic flux is the shortest path about 
the conducting copper. These two factors 
combine to cause the resulting flux nor- 
mally to be most intense in close proxim- 
ity to the conducting copper. 

This is not the whole story, however, 
because the reluctance in iron is not a con- 
stant, and when the iron next to the 
copper becomes saturated, the flux then 
takes the next more favorable path which 
is just a short distance back in the iron 
away from the conducting copper. 

In this way, magnetic saturation may 
exist in close proximity to the copper, and 
yet not exist back in the core away from 
the copper. As the magnetomotive force 
increases, the magnetic flux and the mag- 
netic saturation may expand outward 
from one conducting copper, until it is 
common to the magnetic flux and mag- 
netic saturation of one of the other con- 
ducting coppers. 

Referring now to one of the old masters 
of the electrical art, A. E. Kennelly :? 


“When one realizes, from such observation 
as these here reported, that not only the 
alternating flux density, but also alternat- 
ing flux wave form is different at each and 
every radial belt, the entire phenomenon of 
a-c magnetic conduction in ring laminae 
takes an altered aspect.” 


This fact has been checked using ex- 
ploring coils. 

In each of the legs designated C and Z 
of Figure 2, since the magnetomotive 
forces are in opposition, at the instant 
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Figure 7. Poweringer for converting 60-cycle 
power to 30-cycle power 


assumed, saturation at least in the center 
portion is unlikely while in each of the 
legs F and D, saturation is quite possible. 
Therefore in such a case instantaneous 
mutual inductance between coil A and 
coil B might be said to exist. At such an 
instant it is clear that the instantaneous 
potential induced in coil B is equal to the 
instantaneous mutual inductance from A 
to B times the rate of change of current in 
coil A with respect to time and vice 
versa. 

In order to more clearly illustrate the 
operation of the magnetic cross valve and 
the alternating mutual inductance refer 
to the illustrations Figures 3(A), (B), and 
(©): 

In Figure 3(A) a relatively low value of 
flux density is active in any part of core 
due to the magnetomotive force of coil A, 
coil B, or their combination. This results 
ina zero mutual inductance at this instant 
because none of the iron is saturated and 
no electromotive force is induced in coil A 
by coil B. 

In Figure 3(B) a relatively large cur- 
rent 2;, in coil A ina direction as shown by 
arrow along one wire of coil A and a rela- 
tively large current 7 in coil B as shown 
by the arrow along one wire of coil B 
causes magnetomotive forces to exist 
such that their components add along 
legs C and & and subtract along legs 
F and D, with the result that legs C 
and E become saturated. When the legs 
C and E are saturated no further flux 
change of any consequence can take place 
in these legs. The components of mag- 
netomotive force along legs F and D 
subtract from each other therefore the 
magnetomotive forces in legs F and D 
are not enough to cause magnetic satura- 
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tion. Coils A and B now are mutually in- 
ductive just as in a transformer due to the 
core legs F and D at this instant. It 
should be noted that an increase in the 
current 7, of coil A of Figure 3(B) will in- 
duce an electromotive force, e, in the 
direction as shown by the arrow ad- 
jacent one wire of coil B. 

In Figure 3(C) a relatively large current 
1, in coil A in a direction as shown by ar- 
row along one wire of coil A and a rela- 
tively large current 7; in coil B as shown 
by the arrow along one wire of coil B 
causes magnetomotive forces to exist such 
that their components add along legs F 
and D and subtract along legs C and # 
with the result that legs F and D become 
saturated. When the legs F and D be- 
come saturated no further flux change of 
any consequence can take place in these 
legs. The components of magnetomo- 
tive forces in legs C and & are in opposi- 
tion and are not enough to cause their 
magnetic saturation. Coils A and B are 
mutually inductive just as in a trans- 


OUTPUT VOLTS AT 30 


je} 200 400 600 
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Figure 8. Characteristic curves of 60-30 
Poweringer 


former due to the core legs Cand £ at this 
instant. It should be noted that an in- 
crease in the current 7, in coil A of Figure 
3(C) will induce an electromotive force, 
¢3 in the direction as shown by the arrow 
adjacent one wire of coil B. 
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It should further be noted comparing 
Figure 3(B) and Figure 3(C) that an in- 
crease in current in coil A induces a po- 
tential e2 down on one wire of coil B under 
conditions of Figure 3(B) but the same 
current change induces a potential e; up 
in the same wire under conditions of Fig- 
ure 3(C) so that the mutual induction 
relations have been reversed. 

Now if the current in coil A is direct 
current with alternating current super- 
imposed it is clear that the mutual induct- 
ance relationship can be reversed only 
by the current in coil B since the magneto- 
motive force due to coil A is always in the 
same direction. 

The legs F and D may saturate with legs 
Cand E not saturated at one instant; the 
legs Cand E may saturate with legs F and 
D not saturated the next instant. In this 
case it is clear that m will be reversed. 
From this it now becomes clear that 
mutual inductance does not exist between 
the two fixed coils as in a transformer, but 
a variable mutual inductance exists very 
much like that between a rotor and stator 
of a rotating electromagnetic device, and 
this variable mutual inductance can and 
does reverse itself. In the 60-30 mag- 
netic cross valve the average value of m is 
zero. The direction and value of the in- 
stantaneous mutual inductance is deter- 
mined by the relative currents in coils A 
and B and the structure and material of 
the core. 

Now refer to another of the old masters 
of the electrical art, Charles Fortescue,® 
when he said: 


“We can no longer express the electromotive 
force induced in a given circuit due to a 
current flowing in another by Miedie/dt as 
in a simple network but must use instead 
d/dt( Myzi2).”’ 


Both the current and the mutual in- 
ductance may vary with respect to time 
Take the statement of C. Fortescue 


d : 
ey a M212) 


but adopt the more formal notation of 
small m2 instead of large Mj. for a vari- 
able function and use large Mi for the 
maximum value as for the usual notation 


IN 
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Figure 10. Poweringer 60-20 cycles 


of current or voltage. Then the relation 


is 
d ; 
am (myi2) 


Now let 


My2= My sin wt 


to = Io sin (wt+a) 


assuming that 7) is the same frequency as 
m2 but with a phase displacement a. 
Then 


12M2= Iz My» sin wt sin (a+ot) 


And 


a= 5 (isn) =IeMig [sin wt cos (at+et)+ 
sin (a+ wt) cos wt] 

But from trigonometry 

sin (A+B)=sin A cos B+ cos A sin B 


So that the above reduces to 
have 
e, = a (i2nn2) = IpMi2w sin (a +2ut) 


If w=2af and f=30 cycles per second 
then it is obvious that: ¢ is varying at 60 
cycles per second; 72 is varying at 30 
cycles per second; mz is varying at 30 
cycles per second. 

Although the assumed case is hypo- 
thetical it nevertheless indicates the pos- 
sibilities. In practice although 7% is not a 
sine wave, 7, and my are sufficiently com- 
plementary so that 30 cycles does not ap- 
pear in coil 1. 


Cathode-Ray Oscillograph and 
Exploring Coils with Integration 
Circuit for Analyzing 


Refer now to Figure 4. Since H=0.4 
tNi/L oersteds it is clear that the current 
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is directly proportional to the magnetomo- 
tive force per centimeter for any given 
magnetizing coil. Therefore, if a very 
small pure resistance is placed in series 
with the coil the resulting electrical po- 
tential across this resistance is propor- 
tional to the current flowing through it 
and in phase with that current, and there- 
fore proportional to H and in phase with 
Ede 

Since e= — Nd@/dt10~ for an exploring 
coil when it is placed about a section of 
iron which is being magnetized, we will 
obtain an electromotive force which is 
proportional to the rate of change of the 
flux through the iron and the turns of the 
coil encircling it. If the exploring coil G 
is connected through an integration cir- 
cuit with respect to time K and then ap- 
plied to an amplifier a potential will be 
obtained at L which varies in magnitude 
and time with the magnetic flux through 
the exploring coil G. 
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Characteristic curves of 60-20 
Poweringer 


Figure 11. 


If the voltage representing H is applied 
to the horizontal scan M and the voltage 
representing B or ¢ of coil G is applied to 
the vertical scan L a hysteresis curve re- 
sults, and its area represents energy lost 


O, 


Figure 12. — Lissa- ®, 
jous curves of the 
magnetic flux. (A). 
Center of 60-30 
cross valve.  (B). 
Center of 60-20 
cross valve.  (C). 
Center of 60-15 
cross valve 
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per cycle from the magnetizing coil Aina 
magnetic form. 


Oscillograms 


All figures in Figure 5. were traced di- 
rectly from the face of a cathode-ray 
oscillograph with a pencil on tracing 


paper. All curves should be considered . 


qualitative. 

Refer now to Figure 4 for the following 

eries of oscillograms. With the rectifier 

short circuited, with coil B open, with 
exploring coil G superimposed over coil A 
and connected to an integration circuit K, 
the magnitude of flux is indicated by the 
variation of the resulting voltage. This is 
connected to the vertical deflection plates 
L of the oscillograph. The potential 
variation in the pure resistance Hy is 
connected to the horizontal deflection 
plates where it indicates current. The 
result is the hysteresis curve shown in 
Figure 5(A). 

When the short circuit is removed from 
the rectifier R thus superimposing a d-c 
component, the hysteresis curve is dis- 
torted into the curve as shown in Figure 
5(B). 

If now the 6-microfarad capacitor is 
connected into the secondary circuit, the 
hysteresis curve suddenly becomes larger 
to form the greatly increased area ¢;—Iy 
or B—H curve shown in Figure 5(C). 
This curve indicates larger magnetic 
energy losses, caused by the absorption of 
the magnetic energy by coil B into its 
magnetic and electric circuit. 

Now since energy was lost from coil 4 
and apparently it was absorbed by coil B, 
disconnect the integration circuit from 
exploring coil G superimposed on coil A, 
and connect it to an exploring coil V 
superimposed on coil B. This shows 
in Figure 5(D) the variation of mag- 
netic flux through coil B as the mag- 
netomotive force varies in coil A. It 
looks somewhat like the curve of Figure 
5(C) plus a mirror reflection of itself. 
It is interesting to note that a planimeter 
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Figure 13 


applied to this figure will indicate that it 
has a zero area while that of Figure 5(C) 
has a real area. 

By placing integration circuits on both 
exploring coils G and N of Figure 4, a 
curve is produced showing how the re- 
sulting flux varies in direction and time at 
the center of the core. This is shown in 
Figures 5(E) and (F) for two different 
values of impressed primary voltage. It is 
quite clear from Figure 5(E) how a single 
vector of flux can vary through two cycles 
along one axis and yet in the same time 
period only one cycle along the other axis 
and in so doing convert 60 cycles to 30 
cycles. It might be here noted that the 
tendency towards subsynchronism be- 
tween the even subharmonic and the 
power source with. direct current super- 
imposed is so strong that the capacitance 
can be varied from 10 to 90 microfarads 
on some models without disrupting the 
operation or changing the output fre- 
quency. 

Following the B—H curves further, an 
exploring coil Q can be placed about the 
core leg F to discover how this flux varies 
as the magnetomotive force H, is applied. 
The curve shown in Figure 5(G) is the re- 
sult. In this case the planimeter in- 
dicates a real area. A curve identical to 
that found in the leg F exists in leg C, 
but if the two exploring coils P and Q are 
connected in series aiding, a curve iden- 
tical to Figure 5(C) results when passed 
through the integration circuit. If the 
exploring coils P and Q on legs F and C 
are reversed with respect to each other, 
the resulting induced voltage when passed 
through the integration circuit produces a 
curve identical to Figure 5(D). 

If the current flowing in coil B is used 
as the magnetomotive force H, for com- 
parison, and an exploring coil NV with in- 
tegration circuit K used to indicate the 
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magnitude of flux through coil B then the 
hysteresis curve of Figure 5(H) results. 

If the current in coil B is used as the 
magnetizing force H, and an exploring 
coil G with integration circuit used to in- 
dicate the flux through coil A, the curve 
shown in Figure 5(I) results. 


SV 60% IN 


RING BACK 
TONE COIL . = 


B85V 20% OUT 


static apparatus in which energy is trans- 
ferred from one single coil to another 
single coil by magnetic energy and fur- 
thermore, that it does not have mutual 
inductance M, according to the ordinary 
definition of this term. The results might 
be explained mathematically, if it is as- 
sumed that an instantaneous mutual in- 
ductance m exists which varies cyclically 
with time, and which may be pulsating or 
reversing and positive or negative. Me- 
chanical analogues have been found useful 
in analyzing and predicting results in the 
magnetic cross valve. 

In Figure 12(A) is shown the locus of 
the vector of flux for 60- to 30-cycle fre- 
quency conversion; in Figure (B) is 
shown the locus of the vector of flux for 
60- to 20-cycle frequency conversion; 
in Figure (C) is shown the locus of the 
vector of flux for 60- to 15-cycle frequency 
conversion. 


The cathode-ray oscillograph with in- 
tegration circuits has been found useful to 
display the relationships of magnetomo- 
tive force and resulting fluxes from in- 
stant toinstant. It is believed and hoped 


Figure 14. Circuit of 60-20 Poweringer 


Finally since many may be interested 
in variations with respect to time rather 
than relative variation of components: 
in 6(A) is shown the wave shape of 
the power supply voltage which is almost 
a perfect sine wave with respect to time; 
in (B) is shown the yariation of volt- 
age across the terminals of coil A with 
respect to time; in (C) is shown the 
variation of input current to coil A 
with time; in (D) is shown the variation 
of flux through coil A with respect to 
time; in (E) is shown the variation of flux 
through coil B with respect to time; in 
(F) is shown the variation of current in 
coil B with respect to time; in (G) is 
shown the variation of voltage across coil 
B with respect to time. 


Summary of Fundamentals for 60-30 
Frequency Conversion 


To summarize fundamentals, it is be- 
lieved that this is a basically new type of 
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that the magnetic cross valve will find 
economic significance somewhere between 
the motor generator and the transformer, 
because, though it has the structure of a 
transformer, and can under the right con- 
ditions act like one, yet, without moving 
parts, it can change frequencies like the 
motor-generator. 

Its inherent simplicity of structure in- 


dicates its very basic natures. It is be- 
TUBE 2050 OCTAL BASE 
RELAY 
4 5 
S 6 
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Figure 15. 


(8) 


Circuit used in 60-20 Poweringer. 


(A). 2050 tube. (B). Octal base relay 
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lieved that this is the first time two sta- 
tionary coils have been linked together by 
a balanced cyclical mutual inductance in 
a static device. 

It also is believed that this is the first 
time that a vector or field of flux which 
oscillates in a Lissajous mode more com- 
plex than a single loop (that is, a circle, 
ellipse or straight line) has ever been used 
to couple or transfer power. 


The Magnetic Cross Valve for 60-20 
Frequency Conversion 


In order to generate the third sub- 
harmonic, it is apparent that the mag- 
netic cross valve should be so designed 
that the primary coil is thrown into mu- 
tual induction relationship with the 
secondary coil in every third half cycle 
only, 

Since there is no mutual inductance be- 
tween the primary and secondary coils of 
the 60-20 Poweringer produced by the 
primary coils, some means must be pro- 
vided to get the secondary into oscilla- 
tion. In other words, starting means 
must be provided to get the secondary 
circuit into a state of oscillation. After 
it is started, this energy will be sup- 
plied from the primary to the secondary 
at every third half cycle. Two methods 
of doing this have been provided so far. 
A thyratron tube which gives d-c pulses to 
the secondary at periodic intervals until 
the secondary gets into oscillation, when 
that tube biases itself out of the circuit, 
and a relay which by-passes the 60-cycle 
alternating current from the power source 
to the secondary circuit until it gets into 
oscillation when it disconnects the power 
source from the secondary. 

The starting circuit means are shown in 
Figure 14. 

A standard 2050 thyratron tube, Figure 


15(A) may be used or a relay mounted on 
an octal base as shown in Figure 15(B) 
may be used. The tube and relay can be 
plugged in interchangeably as a starting 
means. After the 60-20 cycle Pow- 
eringer is in operation the circuits uti- 
lized are basically those of Figure 1(C). 

A more detailed discussion of the opera- 
tion of this device may be had from 
United States patent 2,455,078. 4 


Practical Embodiments of the Cross 
Valve for Frequency Division 


In Figure 7 is shown a unit employing 
the magnetic cross-valve fundamental. 
It has been called a Poweringer. Such a 
unit has been in use in a telephone ex- 
change for the past 5 years for a proving- 
in test and the service organization has 
not touched it in that time. In Figure 8 
is shown some regulation curves of the de- 
vice of output volts against output cur- 
rent from the three different output taps 
provided. In Figure 9 is shown the actual 
circuit of the 60-30 Poweringer. In Figure 
10 is shown another unit employing the 
magnetic cross valve fundamental. This 
is called a 60-20 Poweringer, because it 
converts 60-cycle power to 20-cycle power. 
The vacuum tube visible in the upper left- 
hand corner is used for starting the unit. 
When started the tube is biased out of the 
circuit. Two such units as this have been 
giving satisfactory service in telephone 
exchanges without any attention for the 
past three years. Regulation curves for 
this unit are shown in Figure 11. These 
are considered quite excellent for the ap- 
plications in which they are used. 


Conclusion 


In so far as now known, this is a basi- 
cally new inductive phenomenon, it has 


“ 


been practically applied and has found — 


utility in the communication art in quite 
a variety of different applications. Be- 
cause of its great simplicity and utility it 
is believed that it also will find application 
in the power field. 

It can be easily shown, Figures 13(A), 
(B) and (C) that the magnetic cross valve 


is in some ways an evolution of the modu- __ 


lator of Alexanderson. The device of 
Alexanderson cancels out the mutual in- 
ductance with two opposing balanced 
coils. In the magnetic cross valve the 
mutual inductance is zero to start with. 
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Discussion 


Thomas J. Higgins (University of Wiscon- 
sin, Madison, Wisconsin): I find this paper 
of considerable interest. Mr. McCreary has 
given a concise, but clear, account of perti- 
nent experimental investigation of a unique 
circuit phenomenon which has been put to 
very practical use. The theory he advances 
in explanation of this phenomenon ought to 
provide interesting reading to all who have 
occasion to do with the theory and appli- 
cation of coupled circuits. 


Harold J. McCreary: I wish to thank Pro- 
fessor Higgins for his comments on this 
paper. 

The question of just what happeus when 
magnetic fields apparently cross was an ex- 
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perimental investigation that was being 
made when the magnetic cross valve was 
invented or discovered. No proof has yet 
been found that the magnetic flux lines, 
tubes of force, stresses or strains in the ether 
or whatever you wish to call them either do 
or do not cross each other. All that can be 
determined experimentally is the resultants 
at specific points, and of course these never 
cross although the elemental components of 
which they are composed might do so. 

Some writers seem to feel that the mag- 
netic field is merely fictional and that it is 
the result of the orthogonal motional compo- 
nent of the electric field, which is the real 
thing. Others like Felix Ehrenhaft feel that 
the magnetic field is very real and that the 
magnetic poles can even be isolated. 

The field equations of Maxwell, alone 
stand unbroken where linear constants ap- 
ply, but so far as I know even the Maxwell 


McCreary—The Magnetic Cross Valve 


equations have never been rigorously applied 
to non-linear phenomena without a lot of 
simplifying assumptions which eliminate 
rigorous accuracy from the results. ‘‘Ferro- 
inductance as a variable element” is dis- 
cussed by J. D. Ryder! and the gudermanian 
function is applied. Although this is appar- 
ently the nearest to an exact solution, even 
this does not take account of hysteresis. 

The coefficient M is just one of the many 
so-called constants of the electrical art just 
like R, C, and L, any one of which may vary 
as a function of temperature, time, voltage, 
and current but in general they are assumed 
to be constants. 

The implication of the usual definition of 
mutual inductance is that’ M is constant if 
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otherwise this expression has no meaning. 
Requoting Charles Fortescue. ‘‘We can no 
longer express the electromotive force in- 
duced in a given current by 


diz 

Mur 

as in a simple network but must use instead 
\ 


d 
qe) 


It has been suggested that mutual induct- 
ance exists but is self cancelling, so that the 
net result is zero mutual inductance. If this 
is so then the flux lines must cross each other, 
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and whether the magnetic flux lines do or do 
not cross each other is a point on which vari- 
ous authorities differ. There is one experi- 
mental fact that we do know, the mutual 
inductance is effectively zero to start with 
and also its algebraic average value is zero, 
when the cross valve is in operation, because 
it alternates in opposite directions equally. 

The final test of my device is what is it 
good for. This device has been practically 
applied in telephone exchanges for supplying 
power of the proper frequency for ringing 
the bells in the various telephones. How- 
ever in view of the fact that in the small 60 
watt unit the efficiency of power conversion 
is better than 70 per cent it is quite probable 
that this device will prove valuable where 
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small reliable power supplies of different 
frequencies are required. This device can 
efficiently multiply the frequency. It 
makes a good magnetic amplifier. 
Applications for patents have been filed in 
21 or more countries on the magnetic cross 
valve device and at least 25 patents have 
been issued. Thus far not a single reference 
has been found disclosing a device of this 


type. 
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~The Requirements and Design for a 
D-C Null Detector 


FREDERICK L. MALTBY 


MEMBER AIEE ® 


ODERN instrumentation requires 

the measurement of many varia- 
bles that are most readily expressed as d-c 
voltages. These may be rapidly and 
accurately measured with a potentiom- 
eter in which the unbalance potential (or 
“error signal’’) is inverted into a more 
readily amplified alternating voltage. 
This alternating voltage is amplified and 
used in the operation of a reversing motor 
to restore the potentiometer balance. 

In the apparatus described herein, a re- 
versing synchronous contactor is used to 
invert the error signal into an alternating 
potential of the power frequency. This 
alternating potential is in turn amplified 
and impressed upon the control winding 
of a 2-phase motor which has its ref- 
erence winding continuously energized 
at the power frequency. Such a system is 
shown in the block diagram, Figure 1. 

The early use of mechanical inverters 
in conjunction with d-c measuring net- 
works is exemplified in a patent granted 
to H. F. Porter in 1920.1 This patent 
shows the inversion of a thermocouple 
current into pulsating current which is 
amplified and measured. The idea of 
modulating the unbalance current in a 
null-type measuring circuit for the pur- 
pose of actuating a balancing motor ap- 
pears first to have been shown in an article 
in Instruments in 1933.2 The work 
covered by this article culminated in a 
patent issued to A. J. Williams, Jr.? In 
this patent the unbalance current is in- 
verted with a synchronously driven micro- 
phone while a contemporary develop- 
ment by Parker and Aceves‘ shows in- 
version with a synchronous commutator. 
The first reference to inversion by a 
vibrating contact in a null-type circuit 
seems to be a patent by W.S. MacDonald 
in 1940.5 
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While it is evident that the combina- 
tion of any periodically varying imped- 
ance and an amplifier will provide a re- 
sult of the form desired, optimum func- 
tioning requires that each circuit element 
be designed for the specific use. 

The present paper analyzes the re- 
quirements for the circuit elements and 
describes the design of a circuit based 
upon these requirements. 

The d-c networks of such instruments 
are subject to inductive or resistive 
coupling with the power lines whereby 
alternating voltages of the power fre- 
quency are superimposed upon the cir- 
cuit, tending to produce malfunctioning 
in the apparatus. The merit of an un- 
balance detector for a network of this 
class lies in its ability to discriminate be- 
tween the d-c potentials, which represent 
the true unbalance conditions in the cir- 
cuit, and stray alternating potentials of 
the power frequency which may be 
superimposed upon them. By suitable 
design it is possible to build a detector 
that inherently provides a high degree 
of discrimination. 

The two factors which determine the 
degree of discrimination are: 


1. The degree of symmetry of the inverter. 
2. The frequency response of the amplifier. 


By proper co-ordination of these factors 
a detector system has been developed 
which will tolerate a stray a-c voltage 
whose effective value is 2,000 times the 
d-c voltage required for operation of the 
motor. 


Transmission Characteristics of a 
Reversing Switch 


There are three ways in which stray 
voltages of the power frequency can in- 
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terfere with the performance of the in- 
strument. 


1. Error in the reading due to the presence 
at the motor terminals of voltage of the 
power frequency and driving phase as a 
result of the stray voltages. 


2. Broadening of the neutral zone due to 
overloading of the amplifier by quadrature 
voltage. (The neutral zone is the range 
through which the input voltage may be 
changed without producing rotation of the 
rebalance motor. ) 


3. Broadening of the neutral zone due to 
overloading of the amplifier by harmonics of 
the operating frequency. 


The first two of these interfering ef- 
fects can be eliminated by a symmetrical 
reversing switch. The following analysis 
of the output voltage from a reversing 
switch when a voltage is impressed on the 
input will show the effect of the degree of 
symmetry. 

The switching pattern is illustrated in 
Figure 2. This may be considered as an 
operator acting upon the input voltage. 
This operator has three values only, 0, 
+1,and —1. The intervals in which the 
operator is zero may be either of two con- 
ditions, depending upon the switch de- 
sign. In the case of make before break 
contact action, the intervals are the times 
during which both contacts are closed. If 
the action is break before make, the in- 
tervals are the times during which neither 
contact is closed. Note that if intervals 
k and k, are equal, the switching action is 
symmetrical. 

If a d-c voltage is applied to the switch 
input, the output has the same wave form 
as the switch transmission of Figure 2. 
For simplicity a peak amplitude of 1 volt 
may be assumed. Representing the re- 
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Figure 1. 


Potentiometer system 


sulting voltage as a Fourier series, we can 
show the power frequency components of 
the output to be 


(1) 


a cos wt+b; sin wt 
where 


a,=0 


b= (cos k+ cos k;) (2) 

Thus the output voltage contains a 
power frequency component in phase with 
the switch action. If k and k; are equal 
to zero, the amplitude of this component 
will be equal to 4/m or 1.27 times the 
d-c voltage impressed. Small values of k 


~ and k; will have little effect upon this 


amplitude. For example, if k and k; are 
each 0.1 radian, the amplitude will be re- 
duced by 0.5 per cent. 

A useful concept is that of per cent 
dissymmetry which may be defined as the 
difference between the dwell time on al- 
ternate contacts expressed as a percentage 
of a complete cycle. 


D,—Dz 


100 (3) 


Per cent dissymmetry = 


or pa x 100 (4) 
Tw 

There are several ways in which & and 
k, may vary from their design values, that 
is, one may increase as the other de- 
creases, one stay fixed while the other in- 
creases or decreases, et cetera. However, 
the results for dissymmetrics of a few per 
cent are so nearly identical for the various 
ways that the results of one only will be 
shown; k will be made equal to zero and 
k, will be varied. 

Tf an alternating voltage of the power 


_ frequency 


e=En sin (wt+6) (5) 


is present at the input terminals of the 
_ reversing switch, the voltage at the output 
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terminals of the switeh has a wave form 
as shown in Figure 3. 6 is the phase angle 
between the switch action and the im- 
pressed voltage. (For simplicity a peak 
amplitude of 1 volt may be assumed.) 
Representing the resulting voltage as a 
Fourier series, the power frequency com- 
ponents of the output can be shown to 
be: 

a; COs wtb, sin wf (6) 


where 


sin 6 


a; = —— [2(k—&k1)+ sin 2k— sin 2k,] (7) 
20 


and 
cos 6 , 
by = [2(k—ki)— sin Qk+ sin 2k, | (8) 
TT 
As an example, let 
k=0 and k, =e radians 
200 
pels 
Percent dissymmetry= X 100 = : (9) 
sin 6 T ches 
a= ———-— sin ] (10) 
Qa 100 100. 
a= sin 6[—1.0X10-?] (11) 
b _ cos 6 Bai M =] (12) 
We ome les (Cae 100) 
b= cos 6[—8.0X 1077] (13) 


The transmission for 1/2 per cent dis- 
symmetry and values of 9 from 7/2 
radians lag to 1/2 radians lead is shown 
in Figure 4. 

If 0 is allowed to assume any value, the 
coefficient of cos @ in equation 8 repre- 
sents the maximum transmission in phase 
with the contact action while the co- 
efficient of sin 6 in equation 7 represents 
the maximum transmission of voltage in 
quadrature phase relation. These co- 
efficients are plotted against per cent 
dissymmetry in Figures 5 and 6. 

Because of the extremely small trans- 
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Figure 2. Switch transmission 


mission of the inphase component it may 
for practical purposes be assumed that 
only quadrature voltages are  trans- 
mitted. 

In addition to overloading the amplifier 
this quadrature voltage will produce a 
driving component at the motor unless 
there exists an ideal phase relation be- 
tween the voltage impressed on the motor 
control winding and the reference wind- 
ing. 

The production of harmonics of the 
power frequency is affected to a neg- 
ligible degree by variations in the sym- 
metry of inversion. 

The maximum values of harmonic 
voltages occur for the phase position illus- 
trated in Figure 3(B) and for values of k 
and k, of zero. 

A Fourier analysis of this wave form 
yields 


3 2 t 5. Cato ( ) 
sim 2a), + sin 4ut 
1 14 


w 157 

Thus in the worst phase position the 
output contains a component of twice the 
power frequency having an amplitude of 
85 per cent of the input amplitude. It 
also contains a fourth harmonic of 35 per 
cent and successively smaller values of all 
even harmonics. 


Required Detector Characteristics 


The relative ability of the detector to 
tolerate stray voltages of the power fre- 
quency will be determined by 
1. The symmetry of the reversing switch. 


2. The attenuation in the amplifier of even 
harmonics of the operating frequency. 


3. The accuracy of phasing of the reversing 
switch, amplifier, and motor. 


A convenient method for stating this 
ability is the discrimination ratio. This is 
defined as the ratio between the rms value 
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of the alternating voltage that is just 
sufficient to produce measurable effects 
and the d-c voltage necessary to start the 
motor. 

Because of unavoidable friction present 
in all motors a definite amount of power is 
required to operate the motor. With a 
6V6 power amplifier the maximum a-c 
power output is approximately 5 watts. 
This power will be delivered when the 
output voltage is approximately 20 times 
that required to operate the motor. Thus 
a voltage of 20 times that required to 
produce motor operation will overload the 
amplifier and lower the detector sensi- 
tivity regardless of the frequency. 

If a discrimination ratio of 2,000/1 is 
desired the following four conditions must 
be met: 


1. Dissymmetry must be 0.5 per cent or 
less to prevent overloading due to quadra- 
ture voltage. 


2. The second harmonic amplification 
must not exceed 1 per cent of the amplifica- 
tion for the fundamental to prevent over- 
loading due to the second harmonic. 


3. The fourth harmonic amplification must 
not exceed 3 per cent of the amplification for 
the fundamental to prevent overloading due 
to the fourth harmonic. 


4. The total phase shift must be held with- 
in 3 degrees to prevent the quadrature volt- 
age from producing a component sufficient 
to start the motor. A phase displacement 
of 6 degrees would be necessary to produce 
an error of 0.1 per cent with a stray a-c 
voltage of the worst phase position and an 
effective value equal to the recorder full- 
scale voltage. 


Detector Design 


The detector system that was de- 
veloped to meet these conditions is shown 
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Figure 4 (above). 


in Figures 7 and 8. In Figure 8 the 
switch is located on the right of the am- 
plifier and the input transformer on the 
left. 

The switch is hermetically sealed to in- 
sure against any possible effects from 
corrosive atmospheres because this de- 
tector is required to operate under all in- 
dustrial plant conditions. The input 
transformer isolates the d-c measuring 
circuit from the amplifier ground. This is 
required because many sensing elements, 
such as thermocouples, are subject to 
grounding. 

This detector meets the four above re- 
quirements as follows: 


Dissymmetry 


The experience with semiresonant reed 
inverters shows that they probably can- 
not be made to hold a dissymmetry as 
low as 0.5 per cent. The fundamental 
reason is that, for symmetry, inverters of 
this class depend upon making a contact 
at a consistent position. Thus the sym- 
metry is subject to variation with wear or 
any mechanical bias. 

A principle by which the dissymmetry 
may be held within this value is that of 
timing the action to the zero transitions 
of the supply line voltage. If the line 
voltage has only odd harmonics, the zero 
transition points are evenly spaced. (The 
condition of no even harmonics is ef- 
fectively met in most commercial power 
supplies as the percentage of second har- 
monic is usually less than 0.2 per cent.) 
If the contact position is reversed at these 
zero transition peints or at points in 
consistent relation to them the contact 
action will be symmetrical. 

In the switch, shown in Figures 9 and 
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Figure 3 (left). Output voltage with power frequency input voltage 


Transmission versus phase 


10, this action is produced in the following 
manner. The moving armature is 
mounted between two laminated pole 
pieces. These pole pieces are polarized by 
means of a permanent magnet which is 
not visible in Figures 9 and 10. The 
armature is energized by alternating 
current having a peak value approxi- 
mately ten times that necessary to pro- 
duce magnetic saturation of the arma- 
ture. This results in a substantially 
square wave reversing force on the arma- 
ture. This force reverses at effectively 
the zero current point. 

The armature is approximately 0.007 
inch thick by 3/32-inch wide by 3/8-inch 
long. Thus its mass is small compared to 
the switching force of 10 grams. This re- 
sults in an acceleration of the armature 
tip of approximately 200 g (acceleration 
of gravity). To shorten the switching 
time and thus more definitely fix the re- 
versal point, the spacing between the 
stationary contacts is reduced to allow a 
free travel of the armature of 5/10,000 
of an inch. This small gap restricts the 
time for contact acceleration and thus 
limits the maximum velocity of the mov- 
ing contact. The reed has no tendency to 
resonate at any frequency near the oper- 
ating range. The high force to mass 
ratio and small travel produce an arma- 
ture motion which follows the force pat- 
tern with a negligible lag. 

Using this principle the production 
version of the switch is held to an average 
dissymmetry of 0.2 per cent and a maxi- 
mum of 0.5 per cent. Because the opera- 
tion depends essentially upon timing 
rather than position, the change in spacing 
that unavoidably occurs with contact 
wear produces only second order changes 
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in symmetry. Thus the switch retains 
its symmetry essentially unchanged 
throughout its operating life. 


Second Harmonic Attenuation 


To provide the necessary discrimina- 
tion between fundamental and the second 
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cuit a constant current flows through the 
galvanometer in one direction when the 
switch is in one position and in the op- 
posite direction when the switch is re- 
versed. The galvanometer deflection 
thus is a measure of the difference in 
dwells. 


“a 
PERCE NT “DISSYMMETRY ~ 


The technique is to bias the switch 
with d-c energization on its operating coil 
to one of its extreme positions. This 
corresponds to a condition of 100 per cent 
dissymmetry. The variable voltage 
source is then connected as shown in 
Figure 11 and its voltage is adjusted to 


harmonic, a parallel-T filter is used to 


attenuate the harmonic. In this filter, RESISTORS | CONDENSERS TRANSFORMERS 
components are held to within 5 per cent 
Pp : a Ri - 15 OHMS(iO WATTS) C, - 0015 MICROFARAD T; - INPUT TRANSFORMER 
of the design values. A compensating  §R2 - 4.7MECOHMS C2 - .|MICROFARAD Tp- POWER TRANSFORMER 
resistor Ry is selected by test to trim the ps - 470,000 OHMS C3 - -0l MICROFARAD 
Ame sae 4 - 220,000 OHMS C4 - 10 MICROFARADS 
network to minimum transmission for the Qs - 2 MEGOHMS CE IEBIO MICROFARADS 
harmonic voltage. This allows a trans- Re - NOT USED C6 - 10 MICROFARADS 
mission for the fundamental voltages of R7 - 470,000 OHMS C7 - .0| MICROFARAD 
, 5 Re - | MEGOHM = 
30 times that of the harmonic voltage. ramen ted wats Vet get 
a Sa ! Rg - 470,000 OHMS Cg - | MICROFARAD 
The additional attenuation is provided by Rio - 470,000 OHMS Cio - NOT USED 
the tuned input transformer 7\, and the Ri] - 2200 OHMS(¢ 10 %) Cjj - OS MICROFARAD 
Ri2+ 1000 OHMS(I0 WATTS) Ci2 - 01 MICROFARAD 


low pass networks (Rig and Cy, Riz and 
P (Ris uy “NIT Ri3 - 50,000 OHMS(I0 WATTS) Cia- 01 MICROFARAD 


Cy, Rig and Cys) in the amplifier. 


Ri4 - 680,000 OHMS Ci4- 05 MICROFARAD 
Rig - 39,000 OHMS(+5 %) Cis - NOT USED 
Fourth Harmonic Attenuation Ri6 - 47,000 OHMS Cl6 - 0062 MICROFARAD(+ 4 
ae Ri7- 150,000 OHMS Ci7 - .0062 ‘i ° 
The fourth harmonic is attenuated by Rig - 2200 OHMS Gia 00er n 3 
the tuned input transformer and the low Rig - 47,000 OHMS 
pass networks. Harmonics higher than 320" Dae tai 
Neer) . 2i- , 
the fourth have smaller initial amplitudes a3. 20,000 OHMS (io WATTS) es 
and are more attenuated by these filters. R23- NOT USED rotes 
Rog- CALIBRATING RESISTOR = 


Thus, these elements also eliminate any 


tere : 5 R25- 240,000 OHMS (+5 %) 
possibility of amplifier over-loading due to A2g- 75,000 OHMS (45%) 
higher harmonics. R27 300.000 OHMS (+5 Yo) 


Phasing 


Ri3 


The necessary phase tolerance requires 
that no elements be sharply tuned at the 
operating frequency. This is the reason 


R2i 


6 
Ri4 


“PARALLEL T_ 


for using the multiple filter sections 
rather than a single parallel T as a de- de ee 
generative feedback network. Anysuch jf EQ Pi eS fag * sie 
sharply tuned element would cause a e ae 
comparatively large phase shift with = = 5 Z 
change in a component value or in oper- ape ee G3) 
ating frequency. foe 

I 38 
Measurement of Dissymmetry OT $a 


The average per cent dissymmetry of a 
contactor may be determined to a high = 
degree of precision by the use of the cir- 
cuits shown in Figure 11, that at Abeing ~ 
adaptable to a single pole, and that at B x 
to a double-pole contactor. In this cir- 
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Figure 7. Detector system 
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Figure 9. Reversing switch (uncased) 


give full scale deflection of the galvanom- 
eter. The switch coil is then energized 
with normal value of a-c voltage. The 
source voltage may be increased to F 
times its previous value in order to im- 
prove the circuit sensitivity. A con- 
venient value for this factor F is 20. 
The full scale deflection of the galvanom- 


1880 


eter now corresponds to a dissymmetry 
of 100/F per cent or 5 per cent. 
The per cent dissymmetry will be: 


Per cent dissymmetry 


deflection 


1 
~ full scale defen Fe ul) 
However, this method has the limita- 
tion that momentary variation in sym- 


Figure 10 (left). Reversing switch (uncased) 


Figure 11. Circuits for dissymmetry measure- 
ments 
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Figure 12. Dissymmetry record 


metry, (that is, existing for one or two 
cycles of contact action) will not be ac- 
curately indicated. Such variations may 
be observed by either of two methods. 

The first is to observe the switching 
pattern directly on an oscilloscope. 

The second is suitable for prolonged 
observation because it leaves a permanent 
record of any variations in symmetry. 
It consists of using the switch in a high 
speed recording potentiometer wherein 
the phase of the voltage which is con- 
tinuously applied to the motor reference 
winding has been deliberately displaced 
by 45 degrees. On the input is applied 
an a-c voltage having an effective value 
equal to the full scale of the recorder and 
a phase 90 degrees leading or lagging the 
switch action. This phase position gives 
the maximum transmission through the 
switch. With the recorder misphased in 
this manner, the quadrature voltage 
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transmitted through the switch is as ef- 
fective as the error signal in driving the 
motor. Note in Figure 6 that a 1 per cent 
dissymmetry will allow a 2 per cent trans- 
mission of quadrature voltage. Thus the 
reading changes by 2 per cent of the re- 
corder scale. 

This method provides a record read- 
able to'0.1 per cent dissymmetry, either 
momentary or sustained. Such a record 
as shown in Figure 12 is of inestimable 
value in evaluating the performance of a 
synchronous reversing switch. 

Referring to Figure 12, records A, B, 
E, and F show the results with the re- 
corder misphased 45 degrees in order to 
measure the dissymmetry. Records C, 
D, G, and H show the results of the same 
systems with correct phasing. The sen- 
sitivity checks were made by manually 
forcing the motor off balance and allowing 
it to return. As the records show, this 
was done in both directions to check the 
neutral zone. 


Appendix 
Derivation of equation 2 
f(x) =0 
—a<x< —(r—k) 
f(%)=—-1 
—(r—k)<x<—k 
f(x) =0 
—k<x<k; 
f(x)=+1 
ki<x<(r—Ky) 
f(x) =0 
(r#—hi)<x<r 


1 tar 
aunt fi f(x) cos nxdx 
us. om oF 
1 —k ee 
ay --f cos xdx-+ if cos vax | 
ay ae ka 


2 
bi=— [cos k+ cos ki] (2) 
us 


Equation 4: 


Per cent dissymmetry = 
dD, = ax—2k 
Ds =nr—2k, 


—2k—7+2k 
Per cent dissymmetry = aes X 100 
us 


kik 
=—— X 100 (4) 


rv 


Derivation of equations 7 and 8: 


f(x) =— sin (x+6) 
—(r—k)<x<—k 
f(x)= sin (x+6) 
ki<x<(r—h1) 


1 —k 
ine faye sin (x+0) cos xdx+ 
Tr [a 
aw—ky 
vi sin («-+8) cos vas 
ky 
sin 0 


a, =— [2(k—ki) + sin 2k— sin 2k] (7) 
Qr 


—k 
n=] - f sin («+6) sin «dx+ 
he 
a—ky 
if sin (x+8) sin vas | 
Ky 


8 
b= [2(k—ki)— sin 2k+ sin 2k] (8) 
us 


Derivation of equation 14 


f(x)=— cos % 
—1<x<0 


f(x) = cos x 
O<x<r 


The function is odd, therefore a, =0 


Dy ee 
if f(x) sin nxdx 
oS == fa. 
1 0 
bn = a _ cos x sin nxdx+ 
a4 eT 
wv 
i cos x sin md 
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—s il ex cos (r-+nr) 


n+1 ie 


2—2 cos rota] 


n—1 
b -4[ 24% J-0 
Pe On| ae tal were lal 


ees 
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pe 10 10) 
5X3e 154 


As shown under derivation for equation 8, 
if k=k,=0, then 6,=0 and 


bs 


Saws LG 
f(&) =— sin 2of-+-—— sin 40t-+-...-+ 
30 157 


An 
—sin nwt (14) 


(n+1)(n—1)r 
where n=2N (N=1,2,3,...) 
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Discussion 


R. E. Tarpley (Leeds and Northrup Com- 
pany, Philadelphia, Pa.): The author has 
an interesting approach to the design of a 
d-c null-detector. His detector circuit, con- 
sisting of a converter and an amplifier, is 
designed to accommodate large a-c pickup 
voltages directly across its terminals. For 
some applications this characteristic is un- 
doubtedly quite useful. 

However, Leeds and Northrup has ap- 
proached the problem somewhat differently, 
in that they place a resistor-capacitor filter 
in the input circuit ahead of the detector. 
The input circuit and its components, in- 
cluding the converter, are designed to give 
negligible pickup from stray fields. This 
method places no severe symmetry require- 
ments on the converter, protects all stages 
of the amplifier from overload arising from 
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input circuit pickup and its modulation 
products, and permits operation at low 
levels. 

The low level limit of operation of the 
Leeds and Northrup converter is not set by 
pickup from its own electromagnetic drive, 
but by spurious voltages or currents gener- 
ated by the contacts themselves. Figure 1 
of this discussion shows results of tests made 
on two somewhat similar instruments)? 
employing these converters in their input 
circuits. One instrument is used to meas- 
ure small d-c voltages, the other, small 
direct currents. In this particular case both 
were used as preamplifiers for a Leeds and 
Northrup high speed electronic recorder. 
Note that the peak-to-peak noise of the 
voltage-type amplifier, referred to its input, 
is only 0.1 microvolt, which is quite close to 
its theoretical noise limit of 0.073 microvolt. 
Note also that the peak-to-peak noise of the 
current type amplifier, referred to its input, 
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equals only 0.8 X10~!2 ampere which also is 
close to its theoretical noise limit of 0.65 X 
10-12 ampere. In each case the resulting 
zero-offsets, which are partially due to the 
spurious voltages or currents generated by 
the converter, are of the same order of mag- 
nitude as the peak-to-peak noise. 

The above amplifiers use converters of the 
so-called ‘‘semiresonant reed’’ type, the 
specifications for which contain no severe 
symmetry requirements. The curves of 
Figure 2 of this discussion however, show 
that the variation in ‘‘dissymmetry” of a 
test converter amounted to only | per cent 
over a period of approximately three years. 

It would be of interest to know the lowest 
level at which the author’s detector has 
satisfactorily performed. 

The author states that the method illus- 
trated by Figure 11 of his paper will not 
accurately indicate variations in symmetry 
existing for one or two cycles, but that such 
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variations may be observed by using the 
converter ina high speed recording potenti- 
ometer ttnder certain conditions which he 
describes. If it is assumed that the galva- 
nometer of Figure 11 and the recording po- 
tentiometer have the same time response, 
say one half second, it would seem that both 
should show variations in symmetry equally 
well, excepting that one would indicate 
while the other would record. 
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F. L. Maltby: There are two ways of ap- 
proaching the problem of reducing the 
effects of stray pickup of power frequency in 
d-c detectors. These are: 

1. To design the detector so that it does 
not respond to stray voltages. 

2. To design the detector without ade- 
quate pickup tolerance and then add filters 
to overcome this limitation. 

This paper considers the careful design of 
the detector to be preferable. In this ap- 
proach the filter becomes an optional feature 
which may be used if its characteristics are 
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desirable while in the second approach 
filters are required. 

Mr. Tarpley in his discussion claims three 
advantages for the second approach. 


1. Places no severe symmetry require- 
ments on the converter. 

2. Protects all stages of the amplifier 
from overload arising from input circuit 
pickup and its modulation products. 

3. Permits operation at low levels. 

Let us consider these points individually. 


SYMMETRY 


Mr. Tarpley refers to 0.5 per cent as a 
“severe symmetry requirement.” While 
0.6 per cent maximum dissymmetry is a 
severe requirement for a semiresonant reed 
converter, it presents no particular problem 
for a converter based upon the zero switch- 
ing principle. 

To provide a comparison for the 3-year 
record of a single converter shown by Mr. 
Tarpley, the figures shown in Table I of 
this discussion have been selected from a 
3-year run of 40 production-type switches. 
Eight switches (A through H) have been 
selected as representative of the complete 
results. In this table, eight switches have 
been arranged according to their degree of 
symmetry and the per cent dissymmetry for 
each has been tabulated as a function of 
time. 
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It is a point of interest in regard ‘to the © 
implication of symmetry by Mr, Tarpley 
that the circuits shown in his first reference 
(for example Figure 6 of this reference), 
would make no use of even a moderate de- 
gree of symmetry. The most important 
factor is the lack of any appreciable second 
harmonic attenuation. Because voltage at 
power frequency is converted to a second 
harmonic component 85 per cent as large as 
the original voltage even in a converter 
having zero dissymmetry, a small stray 
voltage present at the detector input ter- 
minals will cause the amplifier to overload 
regardless of the symmetry or lack of it in 
the converter. 


OVERLOAD 


It is a requirement that none of the stages 
of the detector-amplifier be overloaded if 
the detector is to be unaffected by the stray 
pickup. In the detector circuit described 
in my paper, overloading of any stage is 
prevented by discriminating against the 
harmonics of the power frequency at an 
early stage in the amplifier, before they are 
amplified sufficiently to produce overload- 
ing. 


Low LEVEL OPERATION 


With regard to “permitting operation at 
low levels’’ it would seem that the inclusion 
of the filter in the d-c circuit in itself im- 
poses the limitation on such operation. 
Tarpley’s first reference gives a good analy- 
sis of this limitation. It shows the noise 
figure of 0.073 microvolt to be generated 
primarily in the input filter resistanee and 
describes attempts to lower this without 
losing the filtering. 

A few quotations from this reference will 
serve to illustrate the point. 

“Since the noise-making resistance of 
Figure 10 was principally in the input filter 
and since it was desired to retain the same 
60-cycle-per-second filtering for certain ap- 
plications, the 2,000-ohm filter resistors were 
increased to 2,500 ohms and then shunted 
experimentally with inductors of 22 henrys. 
and 41 ohms d-c resistance. ...” 

“The noise-making resistor has been fur- 
ther reduced in other set-ups by dispensing 
with the filter and by using an input trans- 
former of greater step-up and lower pri- 
mary impedance.” 

In other words, in order to provide mini- 
mum thermal noise for low level operations, 
the pickup tolerance must be eliminated 
when it is most necessary. 

The paper under discussion made no 
mention of low level operation. We have 
not had time to explore thoroughly the low 
level operation of this detector. This will 
be the subject of a further paper. 

Tentative results, however, indicate that 
the thermal offset is of a lower order of 
magnitude than 0.1 microvolt. The pri- 
mary reason for this will be seen upon 
examination of the switching circuit. The 
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use of a double pole reversing switch opposes 
the thermals generated at the two armature 
contacts. Thus we are concerned only with 
the difference between the thermal electro- 
motive forces at the two armatures rather 
than their individual values. The differ- 
ence is small because the two armatures 
and the associated contacts are symmetri- 
cally disposed with respect to the coil which 


\ 


is the only source of heat within the switch 
enclosure. These two factors tend to reduce 
the thermal effects to a very low order of 
magnitude. 

Also the fact that no filter is required re- 
duces the order of magnitude of the thermal 
noise. 

In regard to Mr. Tarpley’s remarks on 
the measurement of dissymmetry, he is 


correct in all but emphasis. The galvanom- 
eter would show variations equally well 
as the recorder, if an observer were present 
when the variation occurred. Each single 
recorder makes available the equivalent of 
over three alert, full-time observers. As we 
are both vitally concerned with recording 
instruments, I appeal to Mr. Tarpley not to 
sell short their inherent advantages. 


A Short-Haul Radio Communication 
Link Channelized by Time Division 


E. M. MORTENSON 
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Synopsis: A microwave radio system 
channelized by pulse amplitude modulation 
(PAM) has been developed to fulfill a need 
for a short-haul, low-cost communications 
link having a moderate traffic capacity. 
For such short-range operation the micro- 
wave equipment has been greatly simplified, 
eliminating many of the refinements neces- 
sary for trunk-line workings. The PAM 
multiplex terminal subdivides the 100-kc 
information band into eight 3,000-cycle 
voice bands, employing a 3-element binary 
counter as the time division distributor. 


ESTERN UNION has hadin opera- 

tion for several years a number of 
microwave repeater circuits carrying 
telegraph traffic over paths several hun- 
dred miles long. These have proved very 
satisfactory and much has been learned 
and written about them.'~ Itis foreseen 
that, in the extension of these circuits 
into a nationwide radio beam network, 
there would be a definite need for a means 
to tie in and drop out blocks of traffic to 
localities off the main trunk route. Also, 
there are adjacent localities where tele- 
graph traffic is sufficiently heavy or inter- 
vening terrain makes maintenance of 
cable circuits costly enough to warrant 
the installation of a single-hop microwave 
circuit. 

For such short-range operation the 
equipment can be greatly simplified, elim- 
inating such complexities as repeater re- 
lays, diversity receivers, and fault-locat- 
ing circuits. In addition the use of rela- 
tively simple, low-cost channelizing tech- 
niques is possible. When this project was 
initiated in the early part of 1948, a study 
of different modulation systems’ indicated 
that a pulse amplitude modulated (PAM) 
multiplex terminal which frequency modu- 
lates a radio frequency carrier is a satis- 
factory combination for this type of serv- 
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ice. These factors prompted the de- 
velopment of a short-range microwave 
relay with time division multiplex. The 
radio has a high-quality 100-ke modula- 
tion band which is subdivided by the time 
division equipment to provide eight 
3,000-eycle voice bands. These voice 
bands are suitable for carrier telegraph, 
telephone, or facsimile operation and can 
accommodate as many as 160 duplex 
teleprinter circuits. 


The Microwave Equipment 


Figure 1 shows the complete radio 
transmitter and receiver consisting of four 
panels: transmitter, receiver radio-fre- 
quency chassis; receiver intermediate- 
and video-frequency chassis; and a 
power supply. The power requirement is 
only 285. watts from a 115-volt a-c line. 
Line voltage stabilizers are not required, 
as all the high-voltage supplies include 
regulator circuits. 

Each chassis has a cover panel which 
may be easily removed, giving access to 
various voltage regulator and gain con- 
trols. The meters and operating controls 
are mounted on hinged subpanels and 
protrude through holes in the cover 
panels. Although the equipment has been 
simplified to very nearly a practical mini- 
mum, extensive metering has been pro- 
vided to facilitate maintenance. 

The 2K56 Reflex Klystron was chosen 
for both transmitter oscillator and re- 
ceiver local oscillator. This tube requires 
a beam voltage of only 300 volts at 30 
milliamperes, keeping power supply size 
toaminimum. Its 200 milliwatts output 
in the range from 3,900 to 4,200 mega- 
cycles is probe-coupled into waveguide for 
efficient transmission to the antenna. 
A disk-dipole antenna with a 30-inch 
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parabolic reflector, having a gain of 28 
decibels, has proved satisfactory for op- 
tical paths of 20 miles. 

The Klystron is frequency modulated 
by applying the intelligence signal to the 
repeller. The repeller voltage, klystron 
cavity tuning, and waveguide matching 
stub may be adjusted for maximum power 
output as indicated by a crystal detector 
coupled into the waveguide. 

A small amount of the energy in the 
waveguide is coupled into two variable- 
tuned cavities which form a microwave 
discriminator. The d-c output from this 
is amplified and used to vary the repeller 
voltage, providing automatic frequency 
control. 

The receiver has waveguide feed from 
the antenna through a preselector cavity 
to a waveguide crystal mixer where it 
combines with the local oscillator signal to 
produce a 32-megacycle intermediate fre- 
quency. A Wallman low-noise pream- 
plifier is followed by a 4-stage inter- 
mediate-frequency amplifier and two 
limiter stages having a 4-megacycle band- 
width. The discriminator is a modified 
Foster-Seely circuit with a bifilar-wound 
transformer. A reference voltage ob- 
tained from the discriminator is used to 
change the repeller voltage of the local 
oscillator to maintain a constant inter- 
mediate frequency. 

The modulation recovered by the dis- 
criminator is amplified by one stage and 
passes through a cathode follower into a 
75-ohm cable to the PAM equipment. 


The PAM Multiplex Terminal 


The 100-ke information band provided 
by this microwave circuit is a transmission 
medium of sufficiently high quality to 
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Figure 1. 


Microwave terminal equipment, 
front and rear views 


permit the application of time division 
multiplexing. The PAM method was 
chosen for this purpose, as previously 
mentioned, principally because of its rela- 
tive simplicity. In keeping with the low- 
cost nature of the system, the multi- 
plexing portion is constructed entirely of 
common, readily available commercial 
components. 


ELECTRONIC DISTRIBUTOR 


In discussing any time division sys- 
tem, principal attention is naturally 
focused upon the type of “‘switch”’ or dis- 
tributor employed, since it is this feature 
which defines the character of the sys- 
tem. 

The electronic distributor developed 


Figure 2. Sending distributor, 


for this system is based on the principle 
of the binary code. A binary code having 
n units will give 2” combinations or dis- 
tinctive code groups, so that for eight 
combinations a 3-unit code is required 
(23=8). The three units employed in 
this arrangement are square waves of 
frequencies 32, 16, and 8 ke derived from 
a 64-ke crystal oscillator and a series of 
2:1 frequency dividers connected in tan- 
dem. Figure 2 is a schematic diagram of 
this circuit. 

For purposes of illustration, only voice 
bands A and E are shown. They enter 
the distributor via triodes V, and V, re- 
spectively. The cathode of V, is paral- 
leled with the cathodes of three switching 
tubes V,32, V,16, and V,8, so that when 
one or more switching tubes are conduct- 
ing the resulting current flowing through 
cathode resistor R, biases V, beyond cut- 
off. This isolates voice band A from the 
distributor output load resistor R;. If 
these three switching tube grids are made 
simultaneously negative so as to prevent 
the flow of switching tube current through 
Rag, Vq becomes a normal self-biased am- 
plifier and the signals on its grid appear at 
the distributor output. The switching 
tubes are controlled by the frequency 
dividers. Each divider has two outputs 
180 degrees apart in push-pull fashion, 
designated as $1 and $2. Figure 3 illus- 
trates the time and phase relationship of 
the number 1 and number 2 phases. 

Note that there is only one interval 
during a revolution of the distributor 
where all three number 1 phases are 
simultaneously negative. 

Observing in Figure 2 that the switch- 
ing tubes associated with V, are each 
connected to a $1 output, it follows that 
Vq will become conducting only during 
this interval “‘A”’ to allow a sample of the 
intelligence on band A to appear at R,. 
At all other intervals at least one of the 
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Figure 3. Output of frequency dividers 


Note: Letters designate portion of time cycle 


devoted to each channel 


three number 1 phases is positive, thus 
maintaining V, biased beyond cutoff. 

Voice band £ operates in a similar 
fashion through triode V, in conjunction 
with switching tubes V.32, V,16, and 
V,.8. But in this case a different ‘“‘code 
combination”’ is set up on the switching 
tubes in that V,.8 is controlled by the 
number 2 phase output of the 8-ke divider. 
As a result, it is only during interval ““E”’ 
of Figure 3 that all three tubes are cut off 
allowing a sample of the signal on channel 
E to appear at the output. Similarly, by 
using the proper combinations of number 
1 and number 2 phases all eight voice 
bands can be sampled one at a time in 
logical sequence. Figure 4 is an oscillo- 
scope picture of the distributor output 
covering about one revolution with band 
D modulated by speech and band # 
carrying a 1,000-cycle tone. 

The receiving distributor employs the 
same principle of operation, as shown in 
Figure 5. Here the switching elements are 
crystal rectifiers instead of triodes but 
they perform the same function. The 
incoming samples arriving at the signal 
input appear on all eight grids simultane- 
ously, but since only one triode at a time 
is conducting, only the voice band asso- 
ciated with that triode receives the signal. 
Thus, when the A voice band sample 
enters the distributor, only Vg, is in a 
conducting condition to pass the sample 
to the A voice band output, and similarly 
for all other voice bands. _ 


PULSE GENERATOR AND TRANSMITTER 


The driving frequency for this system 
is derived from a 64-ke crystal oscillator 
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Figure 4. Sending distributor output showing 
two bands modulated 


in the transmitter, the output of which is 
amplified and clipped to produce a square 
wave. Observing Figure 6, which is a 


_ functional block diagram of the system, it 


can be seen that this frequency is used to 
_ drive a series of four cascaded 2:1 fre- 
_ quency dividers producing square waves 
_ of 32, 16, 8, and 4 kc. The output of the 
_ 4-ke divider is passed through a narrow- 
band filter and applied to the input of 
channel A to provide a register signal. 


Since this tone is above the response 
range of the channel, it may be sent along 
with the channel intelligence without 
causing interference. The 32, 16, and 8- 
ke dividers produce the switching fre- 
quencies used to drive the electronic dis- 
tributor as previously explained. 


SYNCHRONOUS GATE 


The pulses, as they leave the sending 
distributor, are not suitable for trans- 
mission. First, the pulses are too wide so 
that in being sent through a transmission 
medium of restricted bandwidth they 
would be further broadened and excessive 
pulse overlap would result, with corre- 


_ sponding crosstalk. Secondly, all of the 


pulses do not have the same shape, and 
thus they may be differently modified by 
the transmission medium. For this 
reason, the pulses are passed through a 
synchronous gate which operates at 64 ke. 
The gate selects a small portion toward 
the end of each pulse for transmission. 
The portion selected is shown in Figure 
4 by the two small pips or notches ap- 
pearing on each pulse. The gate, at the 
same time, introduces a small amount of 
the 64 ke into the signal. The 64-kc 
component is transmitted along with the 
signal frequencies and is used to drive the 
distributor at the receiving end. Refer- 
ring to Figure 7, the distributor output is 


applied to the grid of V;. A 64-kc keying 


wave of large amplitude and proper phase 
is applied to the grid of V2, The keying 
wave is so controlling that its amplitude, 
when positive, is sufficiently large to 
cause the cathode current of V2 to bias Vi 
beyond cutoff; and when negative, to 
permit V, to perform as a normal ampli- 
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fier. The outputs of V; and V2 are as 
shown at C and D, and being 180 degrees 
out-of-phase they can be subtracted to 
control the magnitude of the 64-kc com- 
ponent in the output signal. Rheostat R 
is provided for this purpose. 

The pulse train now consists of short, 
separated pulses of uniform shape and 
duration, together with the required 
amount of 64 ke as shown at EZ. High- 
frequency switching components are also 
in evidence, and as they convey no essen- 
tial intelligence, are removed by a 64-kc, 
low-pass filter to give the waveform 
shown in Figure 8. The pulses now have 
a more sinusoidal shape, and after am- 
plification are ready for transmission. 
In the illustration shown, channel D is 
being modulated by voice, and channel 
Eis carrying a single frequency. Channel 
A can be identified by the 4-kc registra- 
tion signal on its pulse. 


RECEIVING TERMINAL 


Referring again to Figure 6, it is seen 
that at the receiving terminal the incom- 
ing pulses are amplified and again filtered 
by a 64-kc low-pass network. This is to 
remove any high-frequency noise com- 
ponents which may be present in the 
transmission medium. Inspection of 
Figure 9 shows that the incoming signal 
pulses have been further broadened in 
traversing this filter and considerable 
overlap is evidenced which, if left uncor- 
rected, would cause crosstalk between 
adjacent channels. For this reason, and 
also because the transmission medium 
may have introduced some modification 
of the pulses, a means for reshaping and 
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reconditioning them must be inserted be- 
fore they reach the receiving distributor. 
This is accomplished by means of an ad- 
justable signal-shaping amplifier which 
consists essentially of a phase shifter and 
a differentiating circuit. By varying the 
time constants of these circuits, it is pos- 
sible to compensate the effects of phase 
distortion introduced by the transmission 
medium and line filters. 

Next it is necessary to recover the 64- 
ke component introduced at the trans- 
mitter for driving the receiving terminal. 
This is accomplished by passing a portion 
of the incoming signal through a phase 
shifter and a 64-ke crystal filter. The 
filter has an extremely narrow passband, 
and removes all components of the re- 
ceived signal except the 64 kc. After am- 
plification this 64-ke component is clipped 
to produce the required square wave for 
driving the 32, 16, and 8-ke frequency 
dividers which in turn control the re- 
ceiving distributor, Now back to the in- 
telligence signal. 

The reshaped pulses enter the syn. 
chronous gate which operates similarly to 
that at the sending terminal. Here how- 
ever, the gate functions to select a small 
portion at the pulse center. Figure 10 
shows the pulses as they appear at. the 
output of the pulse shaping amphfier. 
The small notches occurring at the center 
of the pulses indicate the time at which 
the synchronous gate operates; and 
since this occurs at the point of greatest 
amplitude, it affords the best margin 
against interference. The timing of the 
gate operation in relation to the incoming 
pulses is determined by the phase control 
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Figure 5. Receiving 
distributor, theory 
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previously referred to. It can be seen that 
although the pulses still do overlap some- 
what they have been shaped so as not to 
extend into the gating period of the ad- 
jacent channels, thus preventing cross- 
talk. The pulse train as it appears after 
the gating operation is shown in Figure 
11. These pulses are now properly condi- 
tioned to enter the receiving distributor. 

The output of one modulated channel 
as it appears at the receiving distributor 
is shown in Figure 12. The pulse appears 
once during each revolution of the dis- 
tributor, or every 125 microseconds, the 
time between successive pulses being 
divided up among the other seven chan- 
nels. The wide portion of the pulse, or 
pedestal, represents the time during which 
the particular channel is in the operative 
condition. The narrow portion is the 
actual modulated signal pulse. Obviously 
this little pip represents only a very small 
amount of power, and so must be built up 
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Figure 6. Functional block diagram 


to be of any use. This is accomplished by 
means of a holding or “‘pulse stretching” 
circuit which functions to increase the 
average voltage. It is thus possible to 
start filling in the blank spaces between 
successive samples. Figure 13 shows the 
same modulated pulse as it appears at the 
output of the pulse stretcher where the 
power has been substantially increased. 
From here the signal is further amplified 
and passed through a 3.3-ke low-pass 
filter which removes all switching and 
other high-frequency components, leavin g 
only a replica of the original voice-fre- 
quency signal. 


STEP CORRECTOR 


The system as it stands now will func- 
tion as a communications circuit, but 
there is no guarantee that a signal enter- 


—¢ -4 STEPPER 


ing voice band A at the sending terminal 
will appear at the A band jack at the re- 
ceiving terminal. It is therefore neces- 
sary to provide a means for correcting the 
channel alignment of the two terminals. 
It will be remembered that an identifying 
tone (4 kc) was superimposed on the A 
band at the sending terminal, and this is 
used to control the operation of a multi- 
vibrator. This multivibrator operates 
at about 100 cycles per second and in- 
troduces a sharp kick at the input of the 
32-ke frequency divider at each reversal, 
causing an extra operation of the divider 
which advances the receiving distributor 
one segment or channel. The receiving 
distributor will thus advance channel by 
channel at a 100-cycle rate until proper 
registration of the distributors is reached. 
The channels are now momentarily in 
alignment so that the 4-ke registration 
frequency will appear at the output of the 
4-ke band-pass filter associated with the 
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Figure 7. Synchronous gate, theory 


receiving side of band A. This tone is 
amplified and detected to apply a nega- 
tive bias to the multivibrator, thereby 
halting its operation and leaving the ter- 
minals in registration, The entire scan- 
ning operation requires less than one 
tenth of a second. Inasmuch as registra- 
tion will be maintained only when the 4- 
ke tone is present on the output of band 
A, the same negative bias is also used to 
prevent the operation of audible and 
visual alarms. Thus loss of registration 
for any reason will immediately be called 
to the attention of operating personnel. 


CHANNEL MONITOR 


A monitor is provided at the transmit- 
ting terminal for use in checking the out- 
put of the sending distributor. The cir- 
cuit employed corresponds to one channel 
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Figure 8 (right), Pulse 
train as transmitted 


Figure 9 (right). Re- 
ceived pulses, before 
reshaping 


Figure 10 (right). Re- 


DISTRIBUTOR shaped pulses 


OUTPUT SIGNAL 


KEYING WAVE 
Figure 11 (right). 
Pulse train after gating 
Ipy (Ry +R) 
Figure 12 (right). Re- 
TpaR ceiving distributor 
output of one voice 
band 
OUTPUT Figure 13 (below, 
(C+D) right). Output of 


stretcher pulse 


of the receiving distributor, including a 
stretcher amplifier and output filter. An 
eight-position switch connects the grids of 
three switching triodes to various com- 
binations of the 32, 16, and 8-ke fre- 
quency dividers corresponding to bands 
Ato H. The operation of the monitor can 
thus be adjusted to coincide with the 
operation of any particular channel and 
permits monitoring of the traffic thereon. 


TERMINAL ASSEMBLY 


The finished PAM terminal is a com- 
pletely self-contained unit embodying 
sending and receiving multiplex units, 
power supply, monitoring and testing 
facilities, and failure alarm all mounted in 
a single cabinet rack about seven feet 
high and less than two feet square. Figure 
14 shows this cabinet as viewed from the 
front and rear. The use of miniaturized 
components throughout the terminal and 
the adoption of other construction tech- 


Mortenson, Young—Radio Communication Link Channelized by Time Division 


Jalalala ainlaialel 


VEN UVP UUU 


niques have resulted in a very substantial 
saving in space over our present fre- 
quency division systems of equal traffic 
capacity. The original prototype model 
was completed in October 1949, and has. 
been undergoing tests since that date. 
Certain refinements and improvements 
have resulted, but all have been of a minor 


character. 


PERFORMANCE 


Several of these terminals have been 
constructed to date and they have been 
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substantially uniform in performance. 
With the sending and receiving terminals 
on a back-to-back basis, noise and cross- 
talk are down at least 50 decibels (rms 
multichannel.signal to rms noise) on all 
channels. Preliminary tests conducted 
over the short-range radio beam circuit 
between New York and Newark have 
given satisfactory results. These tests 
were made using only one PAM terminal 
located in New York and with the Newark 
radio terminal on a looped-back basis to 
form a one-repeater radio relay link. 
The signal-to-noise ratios obtained under 
these conditions were 40 decibels or better 
on all bands. Further tests are under way 
to check the life expectancy of the various 
components and to aid in formulating a 
preventive maintenance routine. 


Conclusions 


While it is not practical at this early 
date to form any conclusive opinions as to 
the relative merits of the pulse amplitude 
modulation method of time division mul- 
tiplexing, certain general comparisons 
with frequency division systems are in 
order. 


Cost 


A savings in initial cost of about 50 
per cent and a reduction in size and 
weight of about 75 per cent can be realized 
over frequency division systems pres- 
ently installed in the telegraph plant. 
These savings are due in large measure to 
the use of miniaturized components and 
the application of new construction tech- 
niques. Even when compared on an equal 
footing, however, the PAM system should 
still show an appreciable savings due to a 
reduction in the number of filters re- 
quired. 


MAINTENANCE 


The substitution of electronic com- 
ponents for filters, while reducing the 
initial cost, creates a more expensive 
maintenance problem because the sta- 
bility and useful life of passive networks 


Figure 14. PAM terminal assembly, front 
and rear views 


are far superior to that of electronic com- 
ponents. The compact construction 
facilitates the ordinary maintenance ad- 
justments which can be accomplished 
simply by using only a decibel meter, a 
handset, and a screwdriver. Trouble 
shooting, however, requires rather elabo- 
ratetestinginstruments. Generallyspeak- 
ing a system of this nature is functionally 
more complicated and contains more 
critical factors than frequency division 
equipment. It therefore requires more 
attention and demands of the attendant a 
more specialized knowledge of the theory 
and operation of the system. 


SPECTRUM ECONOMY 


The transmission bandwidth required 
for a pulse system of this type depends 
upon the amount of pulse overlap which 
can be readily corrected to prevent inter- 
channel crosstalk. In practice this works 
out to be about twice the spectrum inter- 
val required for an equivalent frequency 
division system. If pulse transmission is 
confined to a narrower bandwidth, the 


i 
crosstalk problem becomes increasingly 
difficult. A frequency division system 
now in use derives eight voice bands from 
a bandwidth of 30 kc, whereas this PAM 
terminal requires a nominal bandwidth 
of 64 ke to provide the same capacity. 
Furthermore, a very gradual cutoff above 
64 kc is employed in the line filters to in- 
sure a satisfactory wave shape in the re- 
ceived pulses. Hence the system occupies 
the range to about 100 ke in the sense that 
the spectrum below this frequency can- 
not be used for any other purpose. 


APPLICATIONS 


Pulse systems require a transmission 
medium possessing a high degree of phase 
stability, which precludes their use on 
ordinary wire lines. Radio beam circuits 
are ideal for the purpose. They provide 
broad transmission bands so that spec- 
trum economy is of secondary importance, 
particularly for short distances. This 
microwave radio-PAM combination of- 
fers a satisfactory, economical means of 
handling moderate traffic loads on a short- 
haul basis. Several of the proposed loca- 
tions for which it appears especially prom- 
ising are short, over-water routes be- 
tween large cities. 


References 


1. A PREVIEW OF THE WESTERN UNION SySTEM 
oF Rapio Beam TELEGRAPHY, Col. J. Z. Millar. 
Journal, The Franklin Institute (Philadelphia, 
Pa.), volume 241, number 6, June 1946, pages 397— 
413, volume 242, number 1, July 1946, pages 23-40. 


2. A Mrcrowave Revay System, Leland E. 
Thompson. Proceedings, Institute of Radio Engi- 
neers (New York, N. Y.), volume 34, December 
1946, pages 936-42. 


3. A MicrowavzE RELAY COMMUNICATION Sys- 
tem, G. C. Gerlach. R.C.A. Review (Camden, 
N. J.), volume VII, number 4, December 1946, 
pages 576-600. 


4. A 150-Ke CarrieR SYSTEM FOR RADIO RELAY 
AppLicaTions, J. E. Boughtwood. Western Union 
Technical Review (New York, N. Y.), volume 2, 
April 1948, pages 57-65. 


5. FREQUENCY-MODULATED CARRIER TELEGRAPH 
System, F. B. Bramhall, J. E. Boughtwood. Elec- 
trical Engineering (AIEE Transactions), volume 61, 
January 1942, pages 36-39. 


6. THEORETICAL ANALYSIS OF VARIOUS SYSTEMS 
or MULTIPLEX TRANSMIssION, V. D, Landon. 
R.C.A. Review (Camden, N. J.), volume IX, num- 
ber 2, June 1948, pages 287-351; number 3, Sep- 
tember 1948, pages 433-82. 


Discussion 


L. G. Abraham (Bell Telephone Labora- 
tories Inc., Murray Hill, N. J.): This was 
an interesting paper and we are generally 
in agreement with the ideas expressed in 
the paper. We agree that this sort of system 
seems practically limited to use over micro- 
wave radio today because of the large 
amount of frequency space required as 
compared to amplitude modulated sys- 
tems. 

The pulse shaping treatment in the paper 
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is interesting. It probably should be em- 
phasized that this sort of pulse shaping 
takes care of systematic and fixed charac- 
teristics only. Interference from random or 
variable factors cannot be helped by such 
shaping and such interference may at times 
be very serious. 


We agree, in general, with the feeling 
about reduced terminal size possible with 
pulse modulated systems, except that per- 
haps the estimates in the paper are too 
conservative. It is the feeling of some of 
our people that substantial reductions in 


size of pulse modulated system terminals 
should be possible even as compared to 
miniaturized N carrier systems based on 
frequency division. 


Of course, we all know that the cost of 
the actual terminal discussed here may be 
a small part of the total cost of providing 
the facilities and whether this equipment is 
cheaper may not be the controlling factor in 
deciding upon a system. Buildings, power 
plant, towers, et cetera, tend to be a very 
large part of the cost of small circuit groups 
and the cost of the intermediate line facility 
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itself may be controlling in deciding on a 
particular system. 

The Bell System has three or four short- 
haul pulse modulation radio telephone sys- 
tems in service. Two of these are 8-tele- 
phone channel systems, one between Los 
Angeles and Catalina Island and the second 
between Hyannis and Nantucket. A third 
is a 16-telephone channel system also in the 
California\ area. So far the use of this 
system has been confined to temporary 
facilities or to cases where geographical 
barriers such as intervening water makes the 
cost of wire facilities quite high. In time 
we hope to know a lot more about systems 
such as this than we have found out to date. 
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E. M. Mortenson and C. B. Young: It is 
gratifying to note from Mr. Abraham’s 
comments that there exists such a wide area 
of general agreement on this subject. Espe- 
cially so in the light of the Bell System’s 
experience with similar systems in opera- 
tional service. 

In connection with the pulse-shaping 
technique, it should be mentioned that 
other methods for crosstalk correction can 
be used, but whatever the method, any 
change in the transmission, medium which 
alters the received pulse shape will require 
a compensating adjustment of the correct- 
ing circuits. 

It is possible to devise automatic meth- 
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ods for crosstalk compensation, but the 
consequent increase in circuit complexity 
was not considered worthwhile particularly 
for this short-range application. 

We agree that our estimates of the saving 
in space to be gained over frequency divi- 
sion systems are conservative. The Tele- 
graph Company is interested in miniaturiza- 
tion insofar as it makes for more efficient 
use of space and reduces equipment costs, 
but not to the point where reliability or 
ease of maintenance are sacrificed to any 
appreciable degree. 

The authors wish to thank Mr. Abraham 
for his interest and his enlightening dis- 
cussion. 
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Transfer Function for a 2-Phase 


Induction Servo Motor 


LLOYD O. BROWN, JR. 


ASSOCIATE MEMBER AIEE * 


HE usual analysis! of a 2-phase 
Te induction motor based on its 
steady state speed torque characteristics 
results in a LaPlace transfer function of 
the form 


KG(s)= 


A 
(1) 
s(s+o) 

In a paper on stabilization of servos 
using 2-phase motors, Andrew Sobczyk? 
has reproduced a differential equation 
developed by N. B. Nichols for the in- 
duction motor. From this equation, it is 
shown that the motor can be represented 
by a demodulator followed by a d-c motor. 
While a transfer function for the motor 
alone is not obtained, an extension of the 
work of Mr. Sobezyk would result in a 
function of the above type. 

The frequency response of such a 
system will have a phase shift of 90 de- 
grees at low frequencies and will increase 
toward, but not beyond, 180 degrees as 
the frequency increases. The amplitude 
of the function will decrease with in- 
creasing frequency, being asymptotic to a 
slope of —20 decibels per decade at low 
frequencies and approaching a slope of 
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—40 decibels per decade at high fre- 
quencies. 

If the frequency response of a 2-phase 
motor is measured experimentally, the 
response to low frequencies will very nearly 
match those given by equation 1. At 
high frequencies (servowise) however, the 
phase shift will be found to increase be- 
yond 180 degrees. Such a system can- 
not be represented as simply as the given 
expression, but must contain at least one 
more time constant. A more probable 
transfer function for the system would 
take the form 

A 


CAS Se ANS (2) 


The presence of a second time constant 
is further borne out by the fact that high 
gain 2-phase servo systems employing an 
amplifier exhibiting no dynamic charac- 
teristics will have a tendency to be un- 
stable. 

In this paper, an analysis is made of a 2- 
phase servo induction motor which re- 
sults in a transfer function having two 
time constants. A method for deter- 
mining the magnitudes of these time con- 
stants from a knowledge of the inertia and 
friction of the motor and the load plus 
the steady state speed-torque character- 
istic also is given. 


General Approach 


The approach used in obtaining the 
transfer function of the motor is that of 
applying a voltage of rated magnitude 
and frequency to the reference phase of 
the machine. After the transient current 
in this phase has subsided, a voltage of 
rated magnitude and frequency, but 
having a 90-degree phase relation with 
that of the reference phase, is applied to 
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the control field. The transient velocity 
of the rotor and load is then obtained. By 
integrating this function with respect to 
time to obtain the rotor position, trans- 
forming to a function of frequency by 
means of the LaPlace operational meth- 
ods, and dividing the resultant frequency 
function by the transform of the input 
step function, the transfer function may 
be had. Since the time integration can be 
performed after the transformation by 
dividing the transformed results by s, 
and since the division by the input step 
function is accomplished by multiplying 
the transformed function by s, the re- 
sults of these two operations cancel each 
other. Therefore, the transfer function 
can then be obtained by transforming the 
velocity function directly. 

In order to find the transient velocity, 
the magnetic fields due to the magnetizing 
currents of the stator are defined as func- 
tion of both time and position relative to 
a reference line rotating at the instan- 
taneous rotor velocity. The voltage 
generated in a given rotor element and the 
resultant element current may then be 
found. The instantaneous torque pro- 
duced on the element will be the product 
of the instantaneous element current and 
the flux density in which the element is 
lying. The total torque will be the sum 
of the torques on each rotor element. By 
equating the total torque to the require- 
ments of the rotor and load, the transient 
velocity of the system may be evaluated. 


Assumptions 


The analysis is based on the following 
simplifying assumptions: the magnetic 
material of the paths within the machine 
has a constant permeability so that the 
magnetizing currents are proportional to 
the applied voltages; the currents of both 
the rotor and the stator are distributed 
over the entire surface instead of being 
confined to discrete slots; the current 
density of a single phase of the stator 
varies sinusoidally with angular dis- 
placement around the stator, the point of 
maximum current density for one phase 
being displaced by 90 degrees from the 
point of maximum current density of the 
other phase; and the self impedances of 
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Figure 1. Transfer function amplitude versus 


frequency for a 2-phase servo induction motor 


Curve A; response calculated from the derived 

expression evaluated for a Diehl FPE25-11 

motor driving a tachometer generator. Curve 

B, experimentally obtained response of the 
same system 


the stator windings are negligible when 
compared to the magnetizing impedances 
of the machine. 

Further, since the transfer function of 
the motor can be interpreted as the steady 
state magnitude and phase response to a 


sinusoidally modulated input signal, the 


initial conditions under which the system 
is set into operation will not affect the re- 
sults. Therefore, the voltages applied to 
the phases of the machine will be taken 
in such a way that the simplest expres- 
sions will result throughout the analysis. 


Results of Analysis 


Since both the magnitude and fre- 
quency of the rotor current changes as the 
motor accelerates, the analysis leads to 
three nonlinear differential equations 
which must be solved simultaneously to 
find the transient velocity. (See Ap- 
pendix I). An approximate solution for 
these three equations leads to an expres- 
sion for the transient velocity in the form 

Sth pair 
wr = M+ Moe J + Me Lr (3) 


From the initial conditions of zero ac- 
celeration and velocity, the coefficients 
of the exponentials can be evaluated in 
terms of the constant M@,. Further, 
must be the final value of the velocity and 
can be expressed as the steady state 
torque divided by the coefficient of fric- 
tion for the system. 
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By applying the LaPlace transforma- 
tion termwise to the transient velocity, 
and collecting terms over a common de- 
nominator, the transfer function of the 
system becomes 


A _— Mow 1 
Ve V2 s(s+ax)(s+a2) 


(4) 


Evaluation of the Transfer Function 


The methods used to find the transient 
velocity also may be used to derive an 
expression for the steady-state torque of 
the motor in terms of its final velocity. 
This expression may be obtained for the 
condition of unequal voltages applied to 
the two fields as easily as for the case of 
equal voltages. Under these conditions, 
the expression will be (see Appendix IT) 


W— Ass 
V. 2 
338.2r,| (Vt M2) 
Tss= N. = 
aS re4(2—") xq? 
w 
(Va—- Vi)? w+twess 
w 
5 
w+ass ( ) 
Fee a Nd 
w 


the torque being given in the units of 
ounce inches. If equal voltages are ap- 
plied to each field, this equation will re- 


duce to 
aiel{| eS 
338.277 a) 
Tss = N x : (6) 
W— @) 
: ra4(2—2) xr? 
@ 


The last relation now may be used to 
evaluate the ratio of the rotor resistance 
to the rotor reactance, if the no-load 
torque speed curve for a given motor run 
under the conditions of rated voltage on 
each field is available. Such curves, 
whether published by the manufacturer 
of the motor or obtained experimentally, 
must usually be corrected for the friction 
of the bearings. This can be done with 
sufficient accuracy by assuming the bear- 
ing friction to be viscous. The speed- 
torque curve can then be extended beyond 
the zero torque axis into the negative re- 
gion until it crosses the ordinate corre- 
sponding to the synchronous speed of the 
motor. At this point the torque pro- 
duced by the machine will be zero, so that 
the negative torque indicated by the 
curve will be equal to that torque re- 
quired to overcome friction of the bear- 
ings. A proportionate amount now may 
be added at each speed to give a curve of 
the internal torque of the motor. By 
substituting the magnitude of internal 
torque at a given speed into equation 6, 
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an equation involving only rotor re- 
sistance and reactance will result. This 
can be done at a second speed and this 
equation solved simultaneously with the 
first to find rotor resistance and reactance. 
By putting these values into equation 6, 
the resulting curve will be found to match 
the internal torque-speed curve very 
closely. Further, the calculated values 
of rotor resistance and reactance may be 
put into equation 5 and a series of curves 
representing the steady-state conditions 
of unbalanced voltages may be obtained. 

By drawing the curve of frictional re- 
quirements of the motor and load on the 
same sheet with the speed-torque charac- 
teristic of the motor, the constant of the 
transfer function can be evaluated at the 
point of intersection of these two curves. 


Experimental Confirmation 


This procedure was carried out for a 
Diehl FPE25-11, 2-phase 60-cycle 115- 
volt servo induction motor from the 
torque-speed curves published by the 
manufacturer. The rotor constants found 
were as follows: rotor resistance, 538 
ohms; rotor reactance, 443 ohms; ratio 
of rotor resistance to rotor inductance, 457 
radians per second. 

For the purpose of confirming the de- 
veloped transfer function, a motor of the 
above-mentioned type was geared to a 
tachometer generator. The reference 
field of the motor was excited from a 
source of voltage of rated magnitude and 
frequency. The control phase winding 
was excited from a suppressed carrier 
source, modulated with a low-frequency 
variable voltage. The carrier, although 
suppressed, was adjusted to be 90 degrees 
out of phase with the voltage applied to 
the reference field. Further, an arrange- 
ment was made whereby the phase shift 
between the modulation signal and the 
response of the motor could be measured. 

The total moment of inertia of the 
system was 0.156 ounce-inch-squared 
and the coefficient of viscous friction was 
0.0019 ounce inch per radian per second. 
A series of speed torque curves was cal- 
culated for various magnitudes of voltage 
applied to the control field, and the 
transfer function multiplier was calculated 
for a control voltage of 40 volts. Under 
these conditions, the calculated transfer 
function of the system is 


14,920 
BIG ((S)) see 7 
(9) = (s4,71)(s-+457) (7) 
A comparison of the calculated transfer 
function in both magnitude and phase 
with one which was experimentally ob- 
tained is shown in Figures 1 and 2. 
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Conclusions 


A comparison of the experimental and 
calculated curves in Figure 1 and Figure 
2, will show the following: the amplitude 
curves follow the same general trend but 
differ in magnitude; the phase shift 
curves are alike within the accuracy to 
which phase shift may be measured with 
any oscilloscope. The difference in am- 
plitude may be explained by examining 
the-final speed the system will attain for 
various voltages applied to the control 
field. In doing this, it will be found that 
the speed will approximately double with 
an increase in voltage from 10 volts to 40 
volts. Since the constant multiplier of 
the transfer function is proportional to 
the final speed divided by the applied 
voltage, lower voltages would give rise to 
larger transfer function amplitudes. For 
example, if the constant multiplier is 
calculated for a control voltage of 40 
volts, the amplitude of the transfer func- 
tion of the motor tested is 1.84 radians per 
volt at a frequency of 0.5 cycle per second. 
If, however, the multiplier had been cal- 
culated for a control voltage of 10 volts, 
the transfer function would have an am- 
plitude of 3.32 radians per volt at this 
same frequency. Further decreases in 
voltage will result in only small changes 
in the amplitude. Since in high-gain 
servo systems, the voltage applied to the 
control winding of the motor will be 
small, a more accurate analysis of the 
system will be made if the multiplier is 
calculated for 10 per cent rated voltage or 
less. 

The near match between the calculated 
and experimental transfer function does 
not prove conclusively the validity of the 
derived expression, since data have been 
obtained on only one motor. The use of 
the derived transfer function including the 
additional time constant will lead to 
greater accuracy in predicting the per- 
formance of a high gain servo using this 
type of motor. 


Appendix | 


By expressing the voltage applied to the 
two fields of the machine as 


V,=0, t<0 
L 
c= V sin (atta in), 1>0 (8) 
Ie; 
Vre= V cos (w-tean = =) (9) 
m 


the magnetic flux density of the machine as a 
function of position and time referred to a 
single differential rotor element will be 
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B(L,0r) = <u sin (wt—a—0,) (10) 


The instantaneous voltage in any given 
rotor element will be proportional to mag- 
netic flux cutting that element and the rela- 
tive velocity between the element and the 
field. Since the current in the element un- 
der consideration will be of the same fre- 
quency as the voltage of the element, but 
shifted in phase due to the rotor inductance, 
it may be expressed as 

Rr 
-E 


a] 


ty = Ce +A, sin (wt—a—6,;)+ 


Az cos (wt—-a—6,) (11) 


where A, and A, are functions of time and 
may be defined by the relations 


dA 
Ly aii —Ax(w—wr)Lr+A,Rr 
Pel 
— —S (w—wr) (12) 
2 
dA 
iB Gy tAile—er)lr+AaRr =0 (13) 


The constant C can be evaluated from the 
initial conditions of the problem. 

The element torque as a function of time 
will be proportional to the product of the 
element current and the flux density. The 
total torque of the rotor will be the sum of 
the torques on each element and will there- 
fore be the integral from 0 to 2m of the ele- 
ment torque with respect to 0,. 


Rr 


Ty = Kye of cos (wt—a)+KyA, (14) 


The total torque can then be equated to the 
mechanical requirements of the motor and 
load, 


duy oe 


Js + for = Kye br’ cos (wt— a) + 


KA, (15) 
The transient velocity of the system now can 
be found by solving equations 12, 13, and 15 
simultaneously, Since these equations ex- 
hibit nonlinearities, a solution cannot be 
found without further approximations. By 
rewriting equation 12 as 


dA, 7 od 
Ly OB AuRe=( dlr 2 huey (16) 


cs 
“4 


/) : 
an examination of the right-hand side of the 
equation from the standpoint of initial and 
final value for various final velocities will 
show it to remain nearly constant over a 
wide range. This equation can then be 
approximately 


dA, 


Lois Aske =K, (17) 


Further, an examination of the expofiential 
term of the equation for the transient torque 


will show it to be predominant over its 


cosinusoidal modifier. Equation 15 can 
therefore be approximated as 


dwy is 


IO thor =Kue “Er + KoA, (18) 


An approximation to the transient velocity 
can now be found by solving equations 17 
and 18 simultaneously. This approximate 


solution is given as equation 3 in the text of — 


the paper. 


Appendix II 


The steady-state torque of a 2-phase in- 
duction servo motor may be evaluated for 
the condition of unequal voltages applied to 
the phases in a manner similar to that used 
to find the transient torque in Appendix I. 
By expressing the voltages to the phases as 


L, 
Ve = V2 sin (a+ tan—! don) (19) 
m 
L, 
Vre= Vi cos (a+ tan win) (20) — 
Ey 


the magnetic flux density as a function of 
position and time referred to a single differ- 
ential rotor element will be 


B(t,0r) = —P (24%) sin (wt—wsst —6;)+ 


»( Be H) sin (wt+wsst+0,) (21) 


The instantaneous voltage generated in any 
rotor element is the product of the constant 
velocity, the magnetic flux cutting the ele- 
ment, and the element length. Since 
steady-state conditions of velocity exist in 
this analysis, the current in a rotor element 
can be found directly as the rotor voltage 
divided by the rotor impedance, and is 
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jee _ PK Vet Vi)(w—wss)Rr 
2( Rr?+ (w—ass)?L7?) 
sin ((w—wss)t—6;) 
PK Vo+ Vi)(w@—wss)2Lr 
2(Rr2+(w—wss)2L 7?) 
cos ((w—wss )t—6r) 
PU V2— Vi)(w+wss)Rr 
2(Rr?+ (wuss )2L7?) 
sin ((w+wss )t-+6r) 
PK V.—- Vi)(w+wss)? Ly 
‘% 2(Rr?+(w+-wss)2L;7?) 
cos ((w+wss)t+6,) (22) 


The instantaneous element torque is the 
product of the element length, the flux 
density in which the element is lying, and 
theelement current. The total rotor torque 
is the sum of the element torques, or the in- 
tegral from 0 to 27 of the element torque 
with respect to 0,. By performing the in- 
tegration, the time element is removed from 
the relation and the steady state rotor 
torque is 


P?}ar( Vo+ Vi)? — wss) Rr 
8 B(R2+(o—ass)*Lr2) 
P2P2x( Vo— Vi)?(w+wss)Rr 
8(RP2+(w+twss)?Lr?) 


(23) 


By using the concept of transformer action 
within an induction motor, the constants of 
the torque relation can be referred to the 
stator and a constant multiplier evaluated. 
When this is done, equation 5 results. 


Appendix Ill. Symbols and 


Definitions 


A,=amplitude of the in-phase component 
of the rotor current as a function of 
instantaneous rotor velocity 


A,=amplitude of the quadrature component 
of the rotor current as a function of 
instantaneous rotor velocity 

f=viscous friction of the rotor and the load 

H=transfer function gain constant 

J,=magnitude of the magnetizing current in 
either stator field 

4;=rotor current as a function of position 
and time 

J =inertia of the rotor and load 

KG(s)=standard notation for the transfer 
function of a servo component 

Ki, Ke, K;=constants used in expressing the 
final forms of the rotor current and 
torque equations 

l=active length of a rotor element 

ILm=inductance of the motor magnetizing 
circuit 

L,=inductance of a single element of the 
rotor 

M,, M2, M;=constants used in the final form 
of the transfer function 

Ns=synchronous speed of the motor 

P=proportionality constant between stator 
voltage and flux density 

P,=proportionality constant between stator 
current and flux density 

Rm=resistance of the motor magnetizing 
circuit 

R,=resistance of a single element of the 
rotor 

rv, =effective rotor resistance referred to the 
stator by transformer action 

s=the LaPlace variable 

T; =total rotor torque as a function of in- 
stantaneous rotor velocity 

Tss= steady-state rotor torque 

V,-=instantaneous voltage as a function of 
time applied to the control phase of 
the motor 

V;e=instantaneous voltage as a function of 
time applied to the reference phase of 
the motor 

V=magnitude of the voltage applied to 
either phase 

V,= magnitude of the voltage applied to the 
reference field under steady-state 
conditions 
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V2= magnitude of the voltage applied to the 
control field under steady-state con- 
ditions 

x, =effective rotor reactance referred to the 
stator by transformer action 

a=angle between the stator and rotor 
reference lines as a function of time 

B(t,6-)=flux density as a function of posi- 
tion and time with respect to the 
rotor 

6)= shaft position as a function of time 

6,=angle between an element of the rotor 
and the reference line of the rotor 

w,=reciprocal of the mechanical time con- 
stant of the system 

we=reciprocal of the electrical rotor time 
constant 

w,;=angular velocity of the rotor as a func- 
tion of time 

Wss=steady-state angular velocity of the 
rotor 

w=angular frequency of the applied voltage 
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Analysis of The Drag-Cup A-C 
Tachometer by Means of 2-Phase 


Symmetrical Components 


R. H. FRAZIER 


FELLOW AIEE 


HE DRAG-CUP a-c tachometer is a 

2-phase induction generator de- 
signed so that when one phase of the 
stator is energized from a constant- 
amplitude constant-frequency voltage 
source the other stator phase gives a 
voltage of amplitude closely proportional 
to the speed at which the cup is driven 
and phase nearly fixed with respect to the 
supply voltage over a substantial speed 
range. The parts of one design of such a 
tachometer are shown in Figure 1. The 
laminated core on the right carries both 
windings, concentrated alternately in 
eight slots to form a 4-pole machine. 
The cup in the center slips into the hous- 
ing on the left (the central portion of 
which carries laminations) and the core 
and windings slip inside the cup. The 
housing completes the magnetic circuit 
and the cup is free to rotate between it 
and the core. Other such tachometers 
are manufactured that use cup, disk, or 
squirrel-cage rotors, and though their 
design details differ, the basic principles 
are the same. These types of tachom- 
eters have very importaat uses as velocity 
feedback elements in computing ma- 
chines, automatic pilots for planes and 
missiles, automatic fire-control mecha- 
nisms, directing mechanisms for radar 
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antennas, and in numerous other military 
or industrial control applications. Since 
some of these applications require high 
accuracy, a knowledge of basic principles 
must be supplemented by a thorough 
analysis of all the details that influence 
errors or departures from ideal perform- 
ance. 

Analysis of the steady-state perform- 
ance of such tachometers has been made 
by Vickers! by means of crossed-field 
theory. Another convenient approach 
utilizes 2-phase symmetrical components. 
The basic steady-state relations and an 
equivalent circuit have been developed by 
this approach by A. E. Fitzgerald and C. 
Kingsley and the basic transient relations 
have been developed by W. V. Lyon in 
unpublished manuscripts, though the 
extension of Fortescue’s methods to in- 
clude transients was developed over 25 
years ago by Bekku.?* The details of 
application of these basic relations in the 
manner presented in this paper are based 
on study of tachometers used in the com- 
puter section of the Massachusetts Insti- 
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tute of Technology Flight Simulator in 
the Dynamic Analysis and Control Lab- 
oratory. The analysis first is limited by 
the assumption of sinusoidal space dis- 
tribution of flux density in the air gap, 
and then is extended to apply to the case 
of concentrated stator windings. These 
general analyses are examined to show 
how parameters of a tachometer can be 
obtained by measurement and how they 
influence the ratio of output voltage to 
supply voltage and the phase angle be- 
tween them, and to study the errors that 
arise as functions of supply voltage and 
frequency, speed, acceleration, tempera- 
ture, and dissymmetry and inhomogeneity 
of parts. The results are the equations 
themselves. They reduce to relatively 
simple and usable forms for design studies 
and for check of design by measurement; 
they thus indicate important factors that 
influence errors and lead to schemes for 
minimizing them. 


Basic Steady-State Relations 


This analysis considers only the funda- 
mental space components of air-gap flux 
density, assumes the stator and drag-cup 
structures to be entirely symmetrical and 
homogeneous except that the two stator 
windings though symmetrically arranged 
in space so as to be electromagnetically in 
quadrature need not be identical wind- 
ings, and ignores time harmonics in the 
voltages and currents. The last restric- 


Parts of ARMA Corporation type 
1B400 tachometer 


Figure 1. 
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Figure 2. Schematic 
representation of 2- 
phase machine 


tion is equivalent to the assumptions that 
the supply source is sinusoidal and that 
negligible nonlinearities are introduced 
into the electrical parameters through 
presence of iron in the magnetic circuit, 
change of cup resistance with change of 
speed, or other causes. An approxima- 
tion is used to account for core loss. 

The special case of the auxiliary or 
signal winding open can be derived quite 
simply, but since the problem of loading 
the auxiliary winding is of interest, the 
solution is directed to that problem and 
the special case of open auxiliary winding 
can be checked by allowing the load im- 
pedance to become infinite. In the 
derivations, the subscripts m and a apply, 
respectively, to main-winding and aux- 
iliary-winding quantities, the subscripts 1 
and 2 apply, respectively, to stator and 
rotor quantities, and the subscripts f and } 
apply, respectively, to the forward and 
backward sets of symmetrical compo- 
nents. The machine is shown schemati- 
. cally in Figure 2. The equations that ex- 
press the balance of impressed voltages 
V,, and V, with impedance drops [,Zim 
and I,Z,, and electromotive forces E,, and 
E, generated by the resultant air-gap 
fluxes in the respective windings are 


Vin =InZim+En (1) 
Va =[ Liq +Eq (2) 


In these equations Z,,, is the leakage im- 
pedance of the main winding with respect 
to the rotor plus any series impedance 
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connected externally to the main winding; 
likewise, Ziq is the leakage impedance of 
the auxiliary winding with respect to the 
rotor plus any series impedance connected 
externally to the auxiliary winding. By 
application of symmetrical components, 
the process of which is omitted here, the 
equivalent circuit shown in Figure 3 is 


obtained. In it 

Ting = (Im —jola)/2 (3) 
Ino = (Im +jola)/2 (4) 
Ving = (Vin —jVa/a)/2 (5) 
Vino = (Vin +jVa/a)/2 (6) 
No/Nm=a (7) 
Zi (Zia/ a? —Zim)/2 (8) 


A similar equivalent circuit has been de- 
veloped by Gabriel Kron*® by means of 
tensor analysis. The use of the ratio of 
the turns NV, of the auxiliary winding to 


Figure 3 (left). 
Figure 4 (below). 
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the turns NV, of the main winding refers 
all auxiliary-winding quantities to the 
main winding, and the magnetizing re- 
actance xg, the rotor resistance 72, and the 
leakage reactance x, of the rotor with re- 
spect to either stator winding are assumed 
to be referred to the main winding. 
Core loss is neglected in the analysis at 
this point but its effect is considered ulti- 
mately because it is of appreciable im- 
portance. Its effect can be simulated 
reasonably well in a rather simple way 
when desirable by introduction of resist- 
ance r, shown dotted in Figure 3, but 
introduction of it at the outset merely 
aggravates the complicated algebraic 
situation that develops in the solution of 
the circuit relations pertaining to Figure 3 
without adding to the understanding of 
the basic theory. 

In solution of the circuit the condensa- 
tions 


Lo=(Lia/ a? +Zim)/2 (9) 


X22=Xp x9 (10) 


LZp=jx (12/8 +Jx2)/(jxp +12/s +jx2) 
=Jx¢ (te tj(1 —m)ov2]/ [re +j(1 —2)x22] (11) 


Ly>Jjx$ [r2/ (2 —s) +jxa]/[jxe+re/(2—s)+ 
jx2)=jxelre+j(1 +n )x2)/ 


[ro+j(1+n)x22] (12) 


areused, Here sis the per-unit slip and 
is the per-unit speed based on synchro- 
nous speed. In terms of the condensed 
symbols 


I, =j(Ims—Imn)/a =7[( Ving — Vino) x 
(Zo —Za)+VmyLo —VimoZy)/ 


a[(Zo+Zs)(Zo+Zo)—Za?] (13) 


and for the conditions of zero voltage im- 
pressed on the auxiliary winding and load 
impedance Z; connected across its ter- 
minals, 


Ving =Vimo =Vm/2 (14) 
I, = —jVin(Zy—Zo)/ 
2a[(Zo+Zy)(Zot+Zy)—Za?] (15) 


Equivalent circuit of 2-phase induction machine 


Equivalent circuit of Figure 3 reduced to special 
case of signal winding open 


Xim X2/2 


X2/2 
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B-FLUX DENSITY 


If now a signal voltage V;’ is picked off a 
portion Z,/ of Z, 


V,' aad 1,Z,/' os —Vinhy|(LZy—-Zy)/ 
2a ((Z, +Zy)(Zo | Zy) —Z4") (16) 


Signal Winding Open 


In condensed form the expression for 
V,’ is very simple; Z, is supposed to be 
contained in Z,, and, consequently, in Zz 
and Z,, but when equation 16 is expanded 
to display the details of the components 
of each impedance involved, it becomes 
very lengthy and hence the expansion is 
omitted, Inspection of the complete 
expansion shows that most of the alge- 
braic complexity arises from the presence 
of Z,, so that by allowing Z, to approach 
infinity, equation 16 approaches 


Vi/Vi = an/{ (h — ah \xyy + 2abrim fe 
a+) (2ab%, —(b —a*b rim —1)+ 


(a*boy,—a)n® —ja*brimn*} (17) 
in which 
Otay [1 (18) 
besra/Hy? (19) 
Ku SH +X (20) 


and is expressed in terms of two ratios, 
Xmn/r, and ry/xy?, the self-resistance, rym, 
and the self-reactance, xy, of the main 
winding that (apart from core loss and 
transformation ratio) completely deter- 
mine the performance of the device. 
Then the equivalent circuit of Figure 3 
simplifies to the circuit of Figure 4, since 
the Z, branch hecomes infinite imped- 
ance, Here 


In = Ting t+ Din = 2ling = np (21) 


Equation 17 could have been derived by 
starting directly with Figure 4, which is a 
well-known equivalent circuit for a 
single-phase induction machine, If Z,, is 
arge enough to permit use of equation 17, 
but not so large that it is unstable or im- 
practical to arrange in parts as a means of 
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Figure 5 (left). 


Figure 6 (above). 


x (+) 


adjustment of phase and magnitude of 
the signal voltage, then’ the circuit of 
Figure 4 still can be used (since imped- 
ance Z, in Figure 3 is so high, it takes 
negligible current) and equation 17 can 
be modified to 
Vi! Vin =Z1' on/Z1[A,+jBit+(As—jBa)n*} 
(22) 
Here the constants in the denominator of 
equation 17 have been condensed into A,, 
Bi, Az, and Bz. 

Core loss cannot be represented rigor- 
ously by any scheme of incorporating 
linear elements into the circuit. How- 
ever, study of the construction and opera- 
tion of a few of the devices and of core- 
loss measurements made on them indi- 
cates that the use of a resistance 7%, 
shown dotted in Figures 3 and 4, is quite 
logical and gives a very good approxima- 
tion. Furthermore, insertion of 7, does 
not upset the scheme of analysis already 
developed into a rather simple form for 
the circuit in which core loss is neglected, 
By application of Thévenin’s theorem, 
Vin and rm can be replaced, respectively, 
by 
Vin! =1tVin/ (rim +r) 


Rim = timte/ (tim +e) 


(23) 
(24) 


in equation 17 or equation 22, and no 
changes in the scheme of analysis are 
needed. ‘The influence of core loss on the 
magnitude and phase of the output volt 
age becomes clearly evident from this 
maneuver, The resistance assigned to 7, 
should be such that the correct core loss 
results for the frequency, magnetic 
saturation, and temperature at which the 
device operates. 

If now all parameters are regarded as 
strictly constant, the errors in ratio and 
phase at speeds other than the speed at 
which the device is calibrated can be com- 
puted by comparing (Ay—jBs3)n? with 
(A, +jB,) over the operating range of n. 
The size of these errors depends some- 
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Vector diagram for denominator of equations 22, 38/ 


or 67 


Distribution of air-gap flux density due to con- 
centrated stator windings 


what on the manner in which adjustments 
are made to attain the desired ratio and 
phase angle between V; (or V;’) and Vy. 
In attempting a particular design, this 
comparison of course can be made by 
trial, the result can be observed, and the 
design then can be modified to change the 
parameters as may be necessary to reduce 
the error. However, to see the problem 
more broadly than a cut-and-try process 
permits, some idealization may be help- 
ful. Study of equation 17 indicates that 
for reduction of Az; and B3, the ratios 
x0/%b, X1m/Xb, and rym/72 should be made 
small. If the leakage reactances could 
be eliminated completely, 


A3=Xm2(Xim +Xq)/Toxr4? —Xn2/P2 
=x4/t2—x4/T2=0 (25) 


Bs =%22"t um [TeX4? =tim/T2 (26) 
Under these circumstances 

Ai =fo/%py+2tim/Xy (27) 
By=1—tm(12/xg?—1/r2) (28) 
a=x¢4/T2 (29) 


Now presumably as high a voltage ratio 
V,/Vim as possible without excessive speed 
is desirable. Hence B, should be made 
zero and A, should be minimized. If By 
is made zero to establish zero phase angle 
(in the absence of phase shift due to 
Z,'/Z,) except for the speed error 


tim /Xp=a/(1—a?) (30) 
A,=(1+a?)/a(1—a?) (31) 
To minimize A, 

dA,/da=(a'+4a?—1)/a%{1—a?)?=0 (32) 
a=0.485 (33) 


by selection of the one real positive result. 
Use of this ratio gives 


Ai =3.83 (34) 
By=a*/(1—a*) =0.308 (35) 
Vi! Vm =Zz' on /Z1(3.33 —j0.308n?) (36) 
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Since A; has been reduced to zero, the 
speed error has practically no effect on 
the ratio V;’/V,,. The phase-angle error 
can be computed from 


|A¢| = Bsn?/A, =0.308n2/3.33 
=(0.308)(0.25)?2/3.83 =0.00578 
radian or 0.33 degree (37) 


i 


with V;’ leading V,,,, if full speed my is 0.25 
(for example) and no shift of phase is 
made through use of Z;’/Z,. The mag- 
nitude of the extreme error depends on 
the speed at which calibration is made. 
If a slight phase shift is introduced 
through Z,’/Z,, or by slight reduction of 
tim so that B, is given a small positive 
value, the phase can be set at zero for any 
desired speed within the range of opera- 
tion. If a certain portion of the speed 
range is utilized largely to the exclusion 
of the extremes, calibration should be 
made at a speed in the commonly used 
portion of the range. If calibration is 
made at low speed, the maximum error 
occurs at full speed, and V;’ leads Vin. 
If calibration is made at full speed, the 
maximum error occurs at low speed (theo- 
retically zero speed) and V;’ lags V,,. If 
the entire range (0 to 0.25 per unit, for 
example) is used, then calibration should 


be made at n,/V2 to distribute the 
errors equally at both ends of the range. 
For such calibration, the maximum phase 
errors, at the extremes of the range, are 

- half the error computed in equation 37, 
namely, 0.00289 radian or 0.17 degree; 
V,’ leads V,, at speeds above 0.707 my; and 
lags at speeds below 0.707 ny. 

In practice, x2 and xim, of course, cannot 
be made zero within the machine, so that 
A; cannot be made zero by tachometer 
design alone. Hence, to keep the speed 
errors down, increase of A; may be ad- 
vantageous at the sacrifice of ratio. The 
ratio, of course, is subject also to control 
through @ to the extent that space limita- 
tions and practical range of wire size 
permit. Speed errors might be reduced 
further by allowing B, to have substantial 
magnitude. Theoretically, if A:/A3;= 
B,/B3, no phase-error could appear, but B, 
would have to be negative. Correct 
phase then would have to be established 
through adjustment of Z,’/Z,. The 
problems of calibration and adjustment 
are discussed further in connection with 
the conditions for the output winding 
loaded. 


Signal Winding Loaded 


If the signal winding is loaded with re- 
sistance, so that Z,=R,, equation 22 is 
replaced by a similar expression that con- 
tains additional terms in the denominator 
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Vi! /Vin =Ry/an/Rr\A,+Aot 
H{Bi+B2)+[Ast+Ai—j(Bst+Ba)]n?} (38) 


in which the added terms 


Ax=Ainia’/R1t—Bitia’/Ri+ 
{( 1 +x2/x%)(r2/ X22 —X2/r2)rim = 
Xim — 2K ox11/Xy Ja?/Rr (39) 


B=Byniq'/Ri+Aix1a'/Ri+ 
[(1 4202/24 rim +(1 +22/x4) (12/202 — 
x2/%4)X1im+re —x2?/reja?/Rr (40) 


A=Ajnia’/Ri+Bsx1a'/Ri+ 


((1+-22/2¢)x2r1m/re]a?/Rr (41) 
Bu=B3nriq'/Rt—A3x19'/Ri— 
[(1 + x2/2¢ )x2%11/72 — 

(x2/x9)(xg?/r2)]o?/Rr (42) 

and the primes on m4,’ and xi,’ indicate 


that they designate only resistance and 
reactance internal to the machine. 

As for the simpler conditions with Z, 
very large, the influence of speed errors 
can be appreciated more broadly by 
making the idealizations of zero leakage 
reactance than by making computations 
by trial for specific design figures. If xe, 
Xim, and x,’ are each zero, then the 
terms in the denominator of equation 38 
reduce to 


A, +4A2=Ar=(fe/xg+2rim/xg) X 
(1+1ia’/Rr)+(rerim/xo)o?/Rr 


B, + Be=B = {1 —(r2/xg?— 1/r2)rim] x 
(1+11a’/Rr)+(tim+r2)a?/Rr (44) 


A;+tAw=Au=0 (45) 
B3+B=Byu=(rim/r2)(1+na’/Rz) (46) 


(43) 


If phasing is accomplished by reducing 
By to zero, 


tim/%p=A(1 +a’ /Rp+er2/Rz)/ 
{QQ —a@?)(1+ne’/Rr) —a%a*re/Rr) 


=ah+k)/[(1—a*)h—a*k] (47) 
in which 
h=1+na'/Rt (48) 
k=o?r2/Rr (49) 


Equations 43 and 46 then become 


Ay,=h{1+a%(1+k/h)?]/a[1 —cX(1+k/h)] 
(50) 


Bu=haX{1+k/h)/[1—aX(1+k/h)] (51) 


Equations 50 and 51 are in forms for 
ready comparison with equations 31 and 
35, respectively. The phase-angle error is 


| Ag| = Bssn?/A py =a(1+k/h)X 
n?/(1+a%1+k/h)?]=a%yn?/(1+a?y?) (52) 


Even with the idealizations made, the 
algebraic complexity of determining a, h, 
and k to minimize Aj, is considerable if 
such conditions exist, and hence the in- 
vestigation is omitted here. If equation 
52 is differentiated partially with respect 
to y and equated to zero 
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o| Adg|/dy =an(1—a*y?)/(1+a*y?)?=0 (53) 
and 


y=1+k/h=1/a *) 
|A¢| =a'n?/2 (55) 
Ay, =2h/a(1—a) (56) 


for minimum |A¢| with a fixed. Partial 
differentiation of equation 56 with respect 
to a and equating the result to zero gives 


0Aj2/0a = 2h(2a —1)/a2(1 —a*) =0 (57) 
a=0.50 (58) 
y=2.0 (59) 
h=k=0?r2/Ry=1+na’/Rr (60) 
Ajy.=8h (61) 
Tim =e (62) 


If full-speed m, is 0.25, and since h>1 

| A¢| =(0.5)%(0.25)2/2 =0.0078 radian 

(63) 
(64) 


or 0.44 degree 
Ayn >8 


The phase-angle error (which can be 
halved to 0.22 degree by calibration at 
0.707ny) is essentially the same as com- 
puted for the idealized conditions with 
the signal winding open, but for the same 
turns ratio the signal voltage of the 
loaded machine is, of course, inevitably 
lower than the signal voltage from an open 
winding under the conditions assumed. 
The turns ratio and resistances are forced 
into definite relation as a result of equa- 


tions 60 and 62, so that 
(65) 


, 
are = Rr+na’ =na=@*rim 


Vi! /Vn=Rrz'an/8Rrh=Rz’'n/8arz 
= Rz'n/8V tratim (66) 


The various forms of equation 66 must be 
used with full recognition of the restric- 
tions imposed. 

If the signal winding is loaded with pure 
reactance, so that Z,=7X,, the equation 
for voltage ratio retains the same form as 
equation 38 


Vi! /Wm=Xx'an/X1{Art+Aa'+ 
j(Bi— Ba’) + [4a—Aa! —j(Bs + Bi’) |n®} (67) 


in which the primed terms in the de- 
nominator are 


Ao!=Bynq'/X1 +Aimia’/X1 + 
[(1+2e2/xg)rim +(1 +22/204)(12/%28— 
%2/2)x1m +12 —%2?/r2Ja?/X1 (68) 


Be! =Ajnria’/X1— Birra’ /Xt+ 
[(1 +2/xg)(12/ 2X22 —X2/r2)ram — 
X1m —2Wx2xu/xXglo?/Xz (69) 


Ag’ =Boriq'/X1i —Ajxia’/X1 ae 


[(1 +22/x¢)x2%1/72— (x2/xg) X 
(xg?/r2)]a?/X1 (70) 
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Figure 7, 


BSA ja’ /X 1 Basia’ /X 4 


[CL enn /X yp )Xatim/tala®/X 1, (71) 


If now Wy, Kim, And X1,_/ are zero, as before, 
the terms in the denominator of equation 
67 veduee to 


A jy! = 1y/%p 20 im/Xy 
| | (Hy / My" | /¥4)¥im Iria’ /X4 | 


(Nima ry a8] X 1, (72) 


By By! SB yy! = — (ry / Kg te Qi /Kp tral /X nt 
Lm (rg/N p21 /ra)tim— (rari in [Wy v8 AX y 

(73) 

Ay Ag’ SA ua! = —(rim/ra)ia' /X 4 (74) 
Bye By SS Bia! = Pin / ty (75) 


If phasing is accomplished by reducing 
By! to zero, 


Pim /Xip = ( L=—?1q' /ax b)/ (Sra! /Xr | 1 /a | 


wry /X = (a—m)/|Leba(2nebpa)| (76) 

in whieh 

m=ria'/X 1, (77) 

psotry/X 1, (78) 

Then 

Ajy! = [C1 /aebinp)*te(a= m)8/a4|/ 
(1/aehm-bp)=(a=m)| (79) 


ISOS 


Third-harmonic space component of Figure 6, with indication 
of associated rotor currents 


Figure 8, 


Aga! = ma 


m)/(A/a-+-m-+-p)—(a—m)] 

(80) 
By =(a—m)/\1/a-+-m+p)—(a~—m)| (81) 
The phase-angle error and the per-unit 
error in ratio are, respectively 


|Ag| = Ban? / Aye! = (a—m)n*/ 
\1/a-hintp)* + (a—m)*/a*) 


Aga'n®/A iy! = mByy'n®/A yy! 


(82) 
(83) 


Here also the algebraic complexity of de- 
lermining @, m, and p to minimize Ay! is 
considerable, if such conditions exist, and 
henee the investigation is omitted, But 
for inductive X,, (for which m and p are 
positive) the ratio and phase errors theo- 
retically can be made zero by fixing a and 


mso that a-m is zero, Then, 
rim =O (84) 
peacrs/tia! (85) 


Aj! = 1/a--atp=1/a-+ a1 atre/ra’) (86) 
To minimize Ay’ with fixed a%y/rq! 
OA 13 /Oa = al | /a* | | batty /ra! =O 


Uae V tig Hira" “t ary) 


(87) 
(88) 


For example, if a7s/rq’ is 8.0, a reason- 
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Modification of Figure 4 to apply to concentrated stator 


windings 


able value, a is 0.33 and A,’ is 6.0, inter- 
mediate between A, for the unloaded sig- 
nal winding and Aj, for the resistance- 
loaded signal winding. 

For capacitive loading the ratio and 
phase errors cannot be made zero, The 
conditions for such loading can be ex- 
amined merely by considering X;, to be 
negative. Even if capacitive loading is 
undesirable, its effect may require in- 
vestigation, owing to the capacitance 
associated with instruments or amplifiers 
fed by the signal winding. Though the 
speed errors for capacitive loading are 
relatively large, relatively small Ajo’ is 
attainable, This condition is illustrated 
graphically in Figure 5, which generalizes 
the possibilities. 

The equivalent of the idealized condi- 
tions of zero leakage reactance can be 
approached rather closely in practice if 
desirable. The leakage reactance «2 can 
be made relatively small by design, and 
leakage reactances x1’ and xq’ can be 
canceled by use of series capacitance, 
Also, winding resistance r,/ can be kept 
relatively small. However, for the actual 
device, many conditions of loading other 
than pure resistance or pure reactance 
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| 
| 
| 


| can be investigated. Phasing of V,’ 


with V,, may not be required, and mini- 
mizing Ay, Ais, or Ais’ may not be neces- 
sary. Figure 5 is a generalized vector 
diagram for the denominator D of equa- 
tions 22, 38, or 67, aside from the speed- 
dependent terms. If the output winding 
is not loaded, phasing is accomplished by 
reducing B, to zero. For resistance load- 
ing, phasing is accomplished by reducing 
By to zero. As is evident from the 
derivations, A, and By, are largely func- 
tions of A; and B,. For a tachometer of 
fixed design, A,+jB, can be increased 
indefinitely from zero (when the output 
winding is open) along the line marked 
R; as R, is decreased from infinity. If 
the load is pure reactance, then A»’—7B,’, 
which also is a function largely of A; and 
Bi, may be increased indefinitely from 
zero along the line marked X,(+) or 
along the line marked X;(—), for positive 
or negative reactance, respectively. In 
the 180-degree span from X;,(-+-) through 
R;, to X;(—) an infinite variety of other 
possibilities exists. As Z, changes from 
pure resistance through intermediate 
stages to pure reactance, the line along 
which the component of D that is de- 
pendent on Z, adds to A,+jB, departs 
from the line R, by 6;, the angle of Z;. 
Evidently, then, phasing can be accomp- 
lished, in general, merely by making the 
angle of Z,’/Z, the same as 6p, the angle 


; of D. For example, if Z;’ is pure resist- 
ance, 
Vi! /Vm=(anRz!' /Z1,/01)/D/0 (89) 
—01=0p (90) 
to place V;’ in phase with V,,. For a 


specific application, the manner and 
accuracy of adjustment of ratio and phase 
depend upon the requirements of the 
situation. 


Measurement of Parameters 


‘The form in which the equations for 
Vz'/Vm have been cast not only enables 
the design and adjustment of the device 
to be visualized for study in terms of a 
few parameters and ratios, but also is 
convenient from the point of view of 
measurement. Whereas the reactances 
Xm’, X19’, %2, and xg, and resistance 72 can- 
not be measured separately, the ratios a 
and }, resistances 71m’, Yiq’, and 7, re- 
actances x1, and x1_’+a2xy, and the trans- 


_ formation ratio a can be measured. For 


the unloaded tachometer only a, b, ‘im’, 


Ye, Xn, and w are needed. Since favorable 
design requires x2 to be relatively small, 
_ neglect of it where it appears in equations 


39 through 42 or 68 through 71 is not 
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serious; in fact, use of assumed ratios 
%2/x With the measured quantities per- 
mits computation of all the stray terms 
needed for A», Bo, Ay, By, or Ag’, By’, Ay’, 
B,’. The procedure can be systematized 
by progressing along the following column 
headings 
Sr et X2 %22 Xiq’ Xi1q’ 
Xp i ctatliahe tr, ro Rr 2 Xt 
Whether or not the actual ratio x»/xy 
makes these stray terms important can be 
found by trial use of several sets of data 
inserted in the suggested tabulation. 
Neglect of x2 or substitution of assumed 
data, where x2 appears separately means 
not that such assumption has been made 
throughout, but only insofar as it influ- 
ences certain stray terms that appear 
when the tachometer is loaded. 

If the cup is removed from the tach- 
ometer, measurement of impedance at the 
input terminals gives 


tim! +Tes +jX5 =?1m' +ire x 


(x1m’+x¢)/ [re +i(xim" +x4)] (91) 


in which r,; is the equivalent series core- 
loss resistance and X, is the equivalent 
series reactance. The winding resistance 
Yim’ can be determined by a d-c measure- 
ment, the sum 7m’+7,5 can be determined 
by an a-c measurement at the desired 
frequency, and X, can be determined di- 
rectly or from measurement of the mag- 
nitude of the impedance at the desired 
frequency. With 7,,; and X, known 
separately 


ros tjXs=Pe( Xm’ +x¢9)?/ [re? + (xim’ +x4)?] + 
Tre*(Xim' +x )/ (re? ++(x1m' +4)? ] (92) 


whence, 


ro*(xXim! +x¢9)/[to?+(x1m’ +x4)*] 
= Xs Xin" st (93) 


because X;>7es means 7-> (Xm! +x); 
also 


[ro@+(x1m" +x)? )/re(xim’ +xg)? 
=1/res =r¢/(xX1m' +x)? re /Xs" 


eX 5?/tes 


(94) 
(95) 


Similar measurements made at the output 
terminals give fig’, Xiq/+a’xy, and the 
core-loss resistance from the point of view 
of the output winding. 

With the cup replaced but stationary, 
measurement of impedance at the input 
terminals gives 


trim’ tres + Ri +jX:1 =f1m! +s + 


T[xim! +g (12 +jae)/(r2+jx2)) (96) 
or 
RitjXi=J leu! —x%y + (122g +x pxX2%02 — 
Trex?) / (re? +027) ] = ro g*/ (ro? ++-x29) =< 
Jro2Xq2/12? +-H02*-+jxu’ (97) 
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whence 

Ri =Praxy?/(r2* +299") (98) 
X4! =H! — X47 = Kx 42/ (122 +02") (99) 
@=Xo9/ro= X4'/Ri (100) 


b=ro/xg?=1/(1+a2)Ri=a/(1+a2)Xj' (101) 


Similar measurements made at the out- 
put terminals give 


Ro = ee*raxg2/( ro? +2002) (102) 
Xo! = a2xax42/(ro? tm?) (103) 
a=Xo'/Ro (104) 
b=a2/(1+a2)Ry=a%a/(1+a2)Xo’ (105) 
a?=Ry/Ri= Xo! /Xi! (106) 


Because X;’ and X,’ result from differ- 
ences of separately measured reactances 
that are the same order of magnitude, the 
accuracy of equations 99 and 108 is not 
high unless very careful measurements 
are made. Another approach that gives 
better accuracy and at the same time 
gives some indication of possible variation 
of re with frequency and gives a check 
against the measurement of x’ is as 
follows. Measurements of R;-+-7X; are 
made at two frequencies, for example, 
400-eycles per second and 800-cycles per 
second for a 400-cycle-per-second tach- 
ometer. Then 


Ria +5Xi4 = 7 [¢1m" + 


Xp( 2+ jx2)/(re--Jx2)] (107) 
Ris +j7Xis =j [2x17 + 
2x p(r2 +-j2x2)/(ra +-72x92) | (108) 
whence, 
(Ruts — Xuax2) +7 Risr22 +X are) 
=— (X1m’ X22 +xgxa) +j(x1m! re Ex yr2) ( 109) 
(Risre —2.X igen) +7(2 Rigra2 +X igr2) 
= — (Axim! X22 +40 gaz) ++ 
J2X1m' re Wyre) (110) 


Subtraction of the real part of equation 
110 from four times the real part of 
equation 109 gives 


(4Ria = Ris)ro +(2Xis —4Xi4)Xx =0 
a= X20/?2=(4Riu— Ris) /(4X is —2Xi8) 


(111) 
(112) 
Subtraction of the imaginary part of 


equation 110 from twice the imaginary 
part of equation 109 gives 


(2Ris — 2 Rig) +(2X ts — Xia )’2 =O 
a=(2Xu—Xis)/2(Ris— Rus) 


(113) 
(114) 


For consistent data, equations 114 and 
112 should check. Likewise equation 101 
should give check results for b, but in- 
stead Xj4’ now can be computed from 

Xia! = X22 42/ (722+ 42") = a/(1 +a? )b (115) 


after b has been computed from the part 
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of equation 101 that depends on Ri. 
Furthermore 

Xie’ = 8a/[1+(2a)?]d (116) 
b=1/[1+(2a)?]Ris (117) 
xu! = Xiu tXi’ (118) 
Qa! = Xist+Xis! (119) 


give additional checks. As final checks, 
the 400-cycle-per-second and 800-cycle- 
per-second measurements can be repeated 
at the output terminals. 

To obtain consistent measurements 
considerable care must be exercised to 
have as nearly the same conditions of fre- 
quency, magnetic-flux density, and tem- 
perature for all measurements as reason- 
ably feasible. Furthermore, to make 
computations for specified operating con- 
ditions, and to make corrections for in- 
evitable discrepancies in the conditions, 
the frequency, magnetic-flux density, and 
temperature (or equivalent information) 
at which measurements are made must be 
known. Various schemes may be used 
for making the actual measurements, and, 
unless high accuracy is desired, no diffi- 
culties of any consequence arise. A pure 
sine source is desirable, and means 
should be provided for distinguishing 
harmonics in the output from residual 
voltage of fundamental frequency. When 
high accuracy is demanded, the technique 
of measurement and the adjustment of 
results to correspond to operating condi- 
tions are in themselves problems, discus- 
sion of which is omitted here. Such tech- 
niques have been developed which, with 
the aid of second-order correction formu- 
las utilizing the first approximation of a, 
give parameter values that make possible 
computation of 7, within about 1 part in 
400 of the resistance required for phasing 
and computation of V,'/V,, within about 
3 parts in 500, as compared with the re- 
sults of direct adjustment of phase and 
ratio. Hence the theory can be checked 
quite accurately by measurements. 


Effect of Concentrated Stator 
. Windings 


In the tachometer shown in Figure 1 
the windings are relatively concentrated 
in eight slots so that coil sides of the input 
and output windings occupy alternate 
slots separated by 45-degrees mechani- 
cally or 90-degrees electrically. The 
machine hence has four poles formed by 
four relatively concentrated coils of the 
input winding. For the purpose of this 
analysis the output winding is considered 
to be open, so that it produces no mag- 
netic effect. 
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If the input coils could be considered 
ideally as completely concentrated, the 
magnetomotive forces of these coils would 
form a rectangular space wave along a 
development of the air gap. Further- 
more, if the air gap could be considered as 
completely smooth and uniform, the 
flux-density distribution in the air gap for 
the component of air-gap flux that is 
caused by the magnetomotive force of the 
input coils also would be rectangular. 
For linear parameters and for input volt- 
age sinusoidal with time, the height of the 
rectangular space wave of flux density 
would vary sinusoidally with time; for 
nonsinusoidal input voltage, the height of 
the space wave of flux density would con- 
tain the same time harmonics (though in 
different proportions) as the input volt- 
age. In this analysis the time variation 
of the height of the space wave of flux 
density is assumed to be sinusoidal. 

For the ideal condition of a rectangular 
space wave of flux density, the Fourier 
series is 


B=B, sin B+(B,/3) sin 38+ 
(B;/5) sin 58+(B,/7) sin 78+... (120) 


in which B is the flux density at electrical 
angle 8 measured on the fundamental 
scale beginning at a coil side. For the 
stator core as actually constructed, owing 
to presence of slots and absence of perfect 
winding concentration, the distribution of 
flux density along the air gap probably is 
similar to Figure 6 rather than rectan- 
gular. The sharp corners are removed by 
the presence of the slots that contain the 
input winding and by the distribution of 
the conductors in the slots, and the dips 
in the centers of the waves are caused 
by the presence of the intermediate slots 
occupied by the output winding. This 
space wave should contain all the odd- 
harmonic space components shown in 
equation 120 for the rectangular wave, 
but in different proportions; probably the 
higher, harmonics would be substantially 
reduced for the wave of Figure 6 as com- 
pared with the harmonic content of the 
rectangular wave. However, for the pur- 
pose of analysis, equation 120 is used. 
The result should be reliable enough to in- 
dicate the order of magnitude of the ef- 
fects involved. 

If for the fundamental space component 
of flux density a machine has p poles and 
synchronous speed 751, for the third har- 
monic it has 3p poles and synchronous 
speed 15/3, for the fifth harmonic it has 
5p poles and synchronous speed 1,:/5, 
and so on, for the other space harmonics. 
For the purpose of analysis, attention may 
be directed to one space harmonic such as 
the third. This harmonic is sketched in 
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Figure 7 for the 180-electrical luerees 
under one input coil, and the correspond 
ing portion of the rotor is developed below 
it. 

A rough indication of the paths for 
rotor currents 7,3 induced by the third- 
harmonic space component of flux density 
is shown in contrast with the path for 


rotor current 7, induced by the funda- — 


mental space component of flux density 
with the rotor at standstill. The ampli- 
tude of the third-harmonic space com- 
ponent of flux density (or of any other 
space harmonic) varies at the funda- 
mental frequency in time as do the corre- 
sponding rotor-current components with 
the rotor stationary or when referred to 
the input winding. For the third-har- 
monic space component of flux density, 
the voltage induced in the input winding 
is 


ema = Nm(doms/dt —ddrma/dt) (121) 


in which $3 is the total third-harmonic 
flux represented by one loop of Figure 7 
(all of which is supposed to link the rotor), 
rma is the portion of the flux set up by 
one current 7,3; that links the input wind- 
ing. The effects of the flux of two loops 
of Figure 7 (for example the loops shown 
crosshatched) neutralize each other with 
respect to induction of voltage of the input 
winding, as do the fluxes set up by ad- 
jacent rotor currents z,; and —1;3, The 
voltage induced in one of the 7,3 loops is 


rg = Ams /dt = rg" tp3-+doora/dt 
= r3trs+dorms/dt+-doris/dt (122) 


in which ry’ is the resistance of an 15 
path, $,3 is the total flux of i,3, and ris is 
the portion of it that does not link the in- 
put winding. Hence, 


ems = Nira ‘irs +-doris/dt) (123) 
or in complex notation 
Ens= Nin( 12a" +jx28" Urs (124) 


Now roughly, as an approximation, the 
resistance of an 7,3; path can be taken as 


three times the resistance of an 7, path, — 


since for the vertical (axial) parts of the 
paths the cross-sectional areas are in the 
ratio 1:3. Likewise the leakage reactance 
of an 7,3 path with respect to the input 


winding can be taken as one third the — 
leakage reactance of an 7,, path, since the 


reluctances for the respective flux paths 


are in the ratio 3:1. To refer ry’, x2’, and — 


T,; to the input winding, equation 124 may — 


be multiplied and divided by Nj, 


Ems = Nim*(r23-+-jx03)Ip3/Nm 
= (Ninos! +9 Nm ?X24/ Mins 


= (37a. +-jx/3 Ins (125) 


whence f 
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Em3/Ims= 31 +jxn/3 (126) 


the equivalent rotor resistance and leak- 
age reactance seen from the input winding 
at standstill, due to the third-harmonic 
space component of flux density in the 
air gap. 

The equivalent rotor parameters for 
other space harmonics can be computed 
similarly. 

The magnetizing reactance that should 
be attributed to the third-harmonic 
space component of flux density can be 
deduced from equation 121 by allowing 
the rotor currents to be zero (rotor re- 
moved) so that ¢;m3 is zero. Then 


€m3 = Nmddms/dt (127) 


Ems =Jjxgslm =j(x¢1/9 Im (128) 


since the magnetic flux included in one 
loop of Figure 7 is one ninth of the funda- 
mental space component of flux. The 
leakage reactance of the input winding 
with respect to the rotor, which arises 
from flux that leaks across the tips of the 
slots and at the end connections of the 
coils, is unaffected by the space distribu- 
tion of the flux that crosses the air gap. 

Consideration of the analysis given in 
the two preceding paragraphs gives the 
equivalent circuit of Figure 8 for the out- 
put winding open. 

The quantities actually measured now 
can be interpreted on the basis of Figure 
8, which is correct in form but only ap- 


- proximate with respect to the relative 


magnitudes of the parameters of the suc- 
cessive portions of the network that ap- 
ply to the respective space harmonics be- 
cause of the assumption of rectangular 
distribution of flux density and because 
of the approximations made in estimating 
rotor resistance and leakage reactance for 
the various harmonics. With the cup re- 
moved 


Xu =X1m +%g1(1+1/9+1/25+1/49+...) 
=X1m +x gi? /8 =X%1m+1.234x41 (129) 


With the cup in place, but stationary 


. Ri +jX1 =jxim +jxqa( re +jx1)/ 


(ror + j(%p1 +201) ] +49(xg1/9) (37a + 
jxn/3)/ [Bra +7(% 91/9 +%21/3)]+ 
Fx g1/25)( Bray + j%21/5)/ 
[Bri +7(% 41/25 +-x21/5)]+... 
= Jim +Jxgr( 121 +jxa1)/( 721 +7201) + 
Jxgi(21 +jxu/9 )/9( rar +jx203) SR 
Jxorl rar + 7x /25)/25( rar +7205) 4- eye ( 130) 


in which 

Xon=Xg1 +Xn (131) 

Xo23=X g1/27 +X2/9 (132) 

X25 =X 41/125 +x /25 (133) 
and so on. Equation 130 now can be 


' modified to 


Ri +9X1 =j(*n =; xpi? /8) + 
Jxgi(r1 +721 rer —Jxr21)/ (ror? +9217) + 
F(x 41/9) (rer +7221 /9)( 721 — F228 )/ 
(rer? 4-223) +7 (x 91/25) (roi + jr21/25) X 
(721 —Jx%225)/(r212 +2952) +... (134) 


whence, 


Ri=Xgr?ro1/(ror* +X2017) +2 4127 21/243 X 
(721? +2093?) +x 91721 /3125( ra? +-%295?) + die 
= Xor?r or [1 /( ror? +2017) + 1/2437)? + 


1/3125ra2] (135) 


within a fraction of a per cent, since for 
X201/721 of the order of 0.5, as required by 
favorable design 


X2217/ ro? ~0.25 (136) 
2237/1217 ~ 0.0004 (137) 
X2057/ 721? =(0.000016 ( 138) 


likewise 


Xu —X4=Xgi0?/8 — (Xgir21? +x 1X20? — 
Xp1?X201)/ (11? +-X2017) — (KX gr721?7 + 
Xp1%223%21/9)/O( rar? +293?) — (x gir? + 
XprXn95%21/25)/25(r1?-+-H295") — .. . 

=XgiT"/8 = (xg1721” +X giX201? — 
Xp17X201)/ (71? +-X201?) — x g1(1/9 + 
1/25+...) 
Fe Xp1 —(Kprar? +X piXr201? — Xgi2X201)/ 
(rox? +X2917) = Xp? X20 /( rar* +2017) ( 139) 


since 


XpiXo23%o1 /WxL giro? 
= X23%01/9r2? ~0.0014 (140) 


Xo25%01 /25ror? ~=0,0000012 (141) 


if x/x¢1< 10, and in view of the ratios 
given in equations 136 to 138. Hence in 
measurements interpreted in accordance 
with Figure 8, the leakage reactance of the 
input winding with respect to the rotor 
appears practically as 


X1m+(1?/8 —1)xg1 (142) 


the true leakage reactance plus a portion 
of the exciting reactance. If the last two 
terms within the brackets of equation 
135 are omitted, the error is less than 0.5 
per cent, so that equations 135 and 139 
should give essentially the same ratio for 
xen /? as obtained for x»/72 from equa- 
tions 98 and 99. 

On the basis of Figure 8, the equation 
for the output voltage is 


Vi=joVmn (Zp —Z01) — (Zs —Zo3) + 
(Zys—Zps) Gepisa.s 1/(2Z1m +Zpa+ 


Zyit+Zp+Zoat+Zys+Zos+...) (143) 


The alternation of signs between the pairs 
of forward and backward impedances can 
be checked by remembering that for the 
fundamental the input and output wind- 
ings are separated by +90 degrees elec- 
trically, for the third harmonic by +270 
degrees, for the fifth harmonic by +450 
degrees, and so on. The individual for- 
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ward and backward impedances are 


Zn =Jxgr [rer +7(1 — m1) x21] / 


[ror+j(1—m1)xen} (144) 
Zoi =Jx pr [rer +5(1 +1 )x21 |/ 
[ra +j(1+m)x2n] (145) 
Zya=Jxgr (ra +j(1 —3m x1 /9)/ 
9 [721 +7(1 —31) 223] (146) 
23 =Jxpr (ror +7(1 +8711) x21 /9 J / 
9 [ro1 +7(1 +321) x25 ] (147) 
Lys =jXo1 [ro +71 — 5m )x1/25]/ 
25 [ra +j(1—5m1)x225] (148) 
Zos= jen [ra +j(1 +501)901/25]/ 
25 [rer t+j(1+-5m1)x25] (149) 


and so on. When m traverses the operat- 
ing range 0 to 0.25, for example, the order 
of magnitude of the impedances of equa- 
tions 144 to 149 does not change, so that 
the same approximations as indicated in 
equations 135 to 141 are valid in deter- 
mining the denominator of equation 143 
as 


2Lim+Zpi+Zoi+2( 22/8 —1)xg1 = 271m + 
Zp +Zo+J2 [xim +(2?/8—1)xg1] (150) 


but for determining the numerator the 
individual differences in each pair of for- 
ward and backward impedances must be 
investigated 


Zp —Zy = — 2K 4177 a1 / [ra +71 — m1) x20] X 
{ro t+j(1++m)x2) (151) 


Zp —Zp3 = — 2x g1?rom /81 [ra + 


JL —31) 208) [ror +71 +31 )x223] (152) 


Zi —Zys= — 2x 1?r21m1 /625 [ra 


F(1 — 51) 206 | [ror +7(1 +5711 )o225] (153) 


and so on. Since the denominators of 
equations 151 to 153 are of the same order 
of magnitude except for the numerical 
coefficients, equation 143 can be rewritten 
as 


Vi [Vin ~ —j(0.99 )(Xg1?r21 ems / [rim +9(X1m + 
0.234 x41) +(Zpa+Z»)/2] (154) 


The 0.99 coefficient arises from adding the 
differences of the forward and backward 
impedances for the harmonic terms to the 
difference for the fundamental as if they 
added in the same line, whereas actually 
the differences of phase angles of the 
various pairs of impedances introduce a 
slight effect on the magnitude and phase 
of the numerator. If numerator and de- 
nominator are divided through by x¢17ra1 
and the denominator is expressed in terms 
of ratios a and b and parameters 71m and 
X11 where now 


@=Xon/121 (155) 
b=ra/X¢1? (156) 
Xu=Xim +xgi7?/8 (157) 
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the form is identical with equation 17 ex- 
cept for the 0.99 coefficient. Further- 
more, if a as defined by equation 155 is 
computed from equations 135 and 139, it 
is about 0.5 per cent larger than 22/72 
as computed from equations 98 and 99, 
and as a consequence b is about 0.25 per 
cent smaller than 72/xg? as computed from 
equation 101. Hence, use of equation 154 
gives a result about 0.5 per cent higher 
than equation 17 for mm necessary to 
phase and gives for the real part of the de- 
nominator of equation 154 a result about 
0.5 per cent higher than obtained in equa- 
tion 17 which makes the ratio about 1.5 
per cent smaller than obtained from equa- 
tion 17. 

The analysis for rectangular flux- 
density distribution makes quite evident 
the fact that x1, xem, and 7, are quite 
different, respectively, from xg, X22, and 
72, for sinusoidal flux-density distribution, 
but the ratios involved are essentially the 
same. Furthermore, the apparent leak- 
age reactance x;,,+0.234«%%1 obviously is 
quite different from x,,, but it does not 
appear separately (except in certain cor- 
rection terms when the output winding is 
loaded) and x, and 4, have the same in- 
terpretation in both analyses. 


Errors Due to Fluctuation of Source 
Voltage, Frequency, or 
Temperature 


Since in the analysis presented all pa- 
rameters are regarded as linear, the equa- 
tions for V;’/V,, are independent of Vin, 
or, in other words, V,’ changes only in 
proportion to change in V,,. Actually 
both ratio and phase are influenced by 
fluctuation in Vin, because the reactances 
and the equivalent core-loss resistance are 
affected by the saturation of the magnetic 
materials. If the amount by which these 
parameters are affected by departure from 
normal saturation can be estimated, the 
resulting changes in ratio and phase can 
be estimated by means of the equations 
for Vz’/Vm. For small voltage fluctua- 
tions in the vicinity of rated voltage, the 
change in ratio can be held within a few 
thousandths of a per cent per volt and the 
change in phase can be held within a few 
thousandths of a degree per volt by care- 
ful design. For large swings of supply 
voltage the change in ratio and phase per 
volt may become substantially larger than 
the figures given. Change in supply volt- 
age produces also secondary effects 
through change in self-heating in the 
machine and change in speed errors. 

The primary effects of change in fre- 
quency can be estimated by examining 
the consequences of change of reactance 
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in the equations for Vz//Vm. For small 
changes of frequency in the vicinity of 
rated frequency, change in equivalent 
core-loss resistance should be considerably 
less important than change in reactances, 
and change in other resistances should be 
relatively negligible. For small frequency 
fluctuations in the vicinity of rated fre- 
quency, the change in ratio may be of the 
order of a few hundredths of a per cent per 
cycle per second and the change in phase 
may be of the order of a few tenths of a de- 
gree per cycle per second, depending on 
the design proportions of the machine. 
Change in frequency also produces 
secondary effects through change in self- 
heating in the machine and change in 
speed errors. If the source is a rotating 
machine, the voltage changes directly 
with frequency, so that the errors due to 
fluctuation of voltage and frequency then 
suiperpose. 


Inspection of equations 17, 39, 40, 68, 
and 69 indicates that both ratio and phase 
are quite sensitive to change of resistances 
Yim and re, and in general are somewhat 
less sensitive to change in resistance 7,’ 
and other resistance in the signal-winding 
circuit when it is loaded. The phasing 
resistance is, in effect, composed of 7’, 
r,, and such external resistance as re- 
quired. Unless the cup and the stator 
winding can be made of substantially zero- 
temperature-coefficient material, the er- 
rors that are due to change of resistance 
through self-heating and change of am- 
bient temperature may be considerable. 
External resistors, of course, readily can 
be made of very-low-temperature-coeffi- 
cient wire, and the change in internal re- 
sistance can be compensated to some ex- 
tent by use of a negative-temperature- 
coefficient resistor in association with the 
external resistors, but the use of only one 
such correcting resistor cannot compen- 
sate perfectly for all the internal changes, 
though the ratio error thus can be reduced 
to the order of several thousandths of a 
per cent per degree centigrade and the 
phase error can be reduced to the order of 
several thousandths of a degree per de- 
gree centigrade in the allowable tempera- 
ture range for the machine. Use of very- 
low - temperature - coefficient materials 
wherever feasible of course reduces the 
difficulty of compensation. Change in 
temperature also produces secondary ef- 
fects through change in speed errors and 
especially through emphasis of errors 
caused by dissymmetries and inhomo- 
geneities of parts, which are considered 
separately in a following section. 


For highly accurate results, close con- 


trol of frequency is of primary importance, 
voltage must be controlled only moder- 
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HT) 
ately or very closely, depending upon 
whether only Vz’/Vm or Vz’ itself is of 
interest, and ambient temperature must 
be controlled within a few degrees. 


Minimizing Speed Errors— 
Calibrating Procedures 


Various networks may be utilized at 
the input or output terminals, or both, for 
adjustment of ratio and phase. For a 
particular application a tachometer can be 
designed to give the desired ratio and 
phase when energized at specified volt- 
age and frequency; for high accuracy 
some kind of adjustments must be made 
on individual machines, and such adjust- 


ments may be made more conveniently 


outside than inside. Furthermore, these 
external networks make possible adapta- 


tion of the machine to other than the rated — 


supply voltage and frequency for special 
uses, and some of them can minimize or 
eliminate errors that cannot be eliminated 
through design of the machine itself. 

Probably the simplest way of adjusting 
ratio and phase is by means of a series and 
a shunt resistor, as shown in Figure 9(A), 
with Thévenin equivalent in Figure 9(B). 
Since adjustment of either R, or Ry af- 
fects both ratio and phase, the procedure 
should be systematized by adjusting one 
or both resistors to establish phase only, 
though the actual signal voltage Vy with — 
the tachometer phased should be noted. 
Then for desired ratio p and desired phase 
(not necessarily zero), ‘ 


RaRo/(Ra+ Ry) =R (158) 
Vi/Vav= Vin/V =Ro/(Ra+Ro) (159) 
p=V1z/V (160) 
Ra=RVav/Vi=RVav/pV (161) 
Ry =Ra/(Vav/pV—1) (162) 


in which V, is the desired signal voltage 
for source voltage V at the speed chosen 
for calibration. The adjustment should 
be made at speed n,/ V2 if the full speed 
range is used, or at speed V (m2) /2 if 
the speed range is between speeds m, and 
Mm, Equations 161 and 162 permit quick 
computation of nearly correct R, and Ry 
from which refined adjustments can be 
made by trial. The scheme is workable 
for the signal winding open or loaded, pro- 
vided that R>0O and V,,>V,. With the 
signal winding open and in the absence of 
C, whatever speed errors are inherent to 
to the design of the machine with asso- 
ciated input resistors must be accepted, 
If with the signal winding open, C is ad- 
justed so that 


Im{re(rim' +IXe)/(re+rim' +jXe)-- 
J(X1m +e 402/%22)]=0 (163) : 
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Paeretyec (164) 


‘the ratio error is theoretically zero. A 
| eee approximation of the desired setting 
of C can be obtained by estimating r,, 
‘Xim, Xp, and x» for use in equation 163, 
and the setting then can be improved by 
| tral, The first term in equation 163 ap- 
pears because the X, cannot in effect be 
placed directly in series with xm; a 
junction of 7, is between them. The term 
X%pX2/%X2 appears because in practice x2 
cannot be made zero. 

If the signal winding is loaded with re- 
sistance R;, (Figure 9(C)), R, is unneces- 
sary. The desired phase then can be es- 
tablished by adjusting R, and the desired 
| ratio can be obtained by selection of R;’, 
‘provided that R,>0, R,’<R,. Equa- 
tions 17, 41, and 42 indicate that use of C 
reduces the speed error for ratio and use of 
_C’ in addition can eliminate it, but that 
the phase error is increased by the pres- 
-ence of the capacitance. To interpret 
equations 41 and 42, the terminals of the 
signal winding may be imagined to be the 
terminals of R, and xm and x,’ may be 
imagined to be modified by the presence 
of Cand C’, respectively. 

Though the ideal conditions mm’=0, 
%2=0 for complete elimination of speed 
errors with inductive loading cannot be 
met, use of C and C’, Figure 9(D), 
nevertheless permits reduction of either 


(A) 
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Ax’ or Bz’ to zero, and the one not zero 
can be made exceedingly small. Close ap- 
proximations to the desired settings of C 
and C’ can be obtained from 


Ag’ = [ram' ta’ = (X1m/+Xe)(x10’ a7 
Xo! +Xz) ]x202/rery?X_~0 (165) 
By! © [(X1m! + Xe)tia’ +(%1a' +Xe+ 
Xz)tim’ \x222/rexg?Xz~0 (166) 
Here the terminals of the signal winding 
may be imagined to be the terminals of L, 
and the impedance of the auxiliary path 
1—2 may be considered high enough to 
have little influence. Final setting of C 
and C’ can be obtained by trial. The 
desired phase can be obtained by adjust- 
ing r, and the desired ratio can be ob- 
tained by tapping the necessary fraction 
of rz. The vector relations are illustrated 
in Figure 10. The phase angle of branch 
1—2 is 


6’ =0,—¢=tan (1/wCzrz) (167) 


which suggests that if adjustment can be 
made so that ¢6=6,,C,, can be eliminated. 
Such adjustment can be made by adding 
resistance in series with C for ¢ <6, or by 
adding resistance in series with L for 
o>6,. Addition of external resistance 
gives opportunity for compensation for 
change of internal resistance due to tem- 
perature change, but tends to increase the 
speed errors. 

The illustrations given are but a few of 


Figure 9 (left). Vari- 
ous auxiliary cali- 
brating networks 


Figure 10 (below). 
Vector diagram to 
illustrate phasing for 
circuit of Figure 9(D) 


Frazier—Analysis of the Drag-Cup A-C Tachometer 


many similar schemes that can be in- 
vented for adjusting ratio and phase and 
minimizing speed errors. The feasibility 
and appropriateness of any particular 
scheme depend on the electrical propor- 
tions of the machine and the conditions of 
its application. In this analysis, the im- 
pedance of the source, including trans- 
former if any, is considered negligible. If 
such impedance is not negligible, ref- 
erence voltage V,, then is not constant in 
magnitude or phase, tachometers supplied 
from the same source may interact 
slightly, and harmonics of voltage or cur- 
rent may be unnecessarily introduced. 
Furthermore, in any terminal networks 
used, the resistors, capacitors, and in- 
ductors should be very stable. With care- 
ful design, computations and tests indicate 
that over an operating range up to my~ 
0.25, speed errors can be reduced to about 
0.01 per cent for ratio, and to about 0.01 
degree for phase. 


Acceleration Error 


The equations and equivalent circuits 
used thus far are strictly for steady-state 
conditions and give no indication of the 
delay in signal-voltage response subse- 
quent to change in speed. Examination 
of transient conditions must start from the 
differential equations for the actual stator 
and rotor voltages and currents or the 
equivalent; for example, the equations 
may be written in terms of actual stator 
voltages and currents and the voltages 
and currents of a 2-phase rotor 


Ym =(tim+LumD )iim+ 


LgD [i2m cos 0+%2q cos (8+90°)] (168) 
VUa= (a +LiaD Jira + 

L¢D [i2a CoS O+42m cos (@—90°)] (169) 
Vom = (rom +L22mD )iom 45 

LoD [iim cos 0+t1g cos (8@—90°)] (170) 
V2a =(fea +Lo@D )iem + 

LoD [ia cos 0+tim cos (@+90°)}] (171) 


in terms of the resistances, self- and mu- 
tual inductances of the various windings. 
Here subscripts m and a are carried over 
to designate the respective equivalent 


——— — Vm 
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yotor windings that correspond to the 
stator windings; all quantities are re- 
ferved to the main (m) stator winding and 
D means d/dt. 


phase machine are especially simple be- 


The equations for the 2- 


cause the stator phases are not coupled 
and the rotor phases are not coupled, 
If the distribution of flux density in the air 
gap is sinusoidal, the mutual inductance 
between a stator phase and a rotor phase 
yaries as the cosine of the electrical angle 
between them, If the electrical angle be- 
tween correspondingly designated phases 
is 0, theangle between the stator phaseand 
the other rotor phase is 0 +(r/2), The 
niutual induetanees are, therefore, Ly cos 
$0 and Lm eos (090"), 
machine, 0 is the actual angular displace- 


Vor a 2-pole 


ment of the corresponding phases and wn 
is the setual angular speed of the rotor; 
otherwise the mechanical angle must be 
multiplied hy the number of pairs of poles 
(o obtain the electrical angle, Use of ex 
ponential expressions for the cosines, and 


the relations 


Yim = "ip ein (172) 
tim =hybh tin (173) 
vig = Jeti (174) 
Wa = hen (175) 


(with similar relations for the rotor eur- 
renls) give the basie equations for stator 
and volor of a symmetrical machine in 


terms ol symmetrical components 


Hie = (Nin LuP iy Lg D (tase!) (176) 
Hn = (im LuP int LaP Cave” |) (177) 
Vp = ("ote LapP hep LpD(iie™ 1) (178) 
Van = (ret Lae an Lp P(dine!”) (179) 


If the rotor is stationary, 0 is constant 
and the solution of equations 176 to 179 
is simple, If the rotor is of squirrel-cage 
or cup design, @ ean be taken as zero at 
alandstill, If the rotor is in motion, the 
solution is in general very complex and 
ay be attainable only approximately or 
hy machine methods, However, for con- 
slant angular speed the differential equa 
(ions again beeome near with constant 
eoellicients and are readily solved, This 
condition ean be imposed to determine 
the response of the tachometer output 
vollage to a alep in speed, which is the 
limiting condition for large acceleration, 
or constant speed, 
Os wn (180) 


Pie TWH) oe ¢ HOHE» Jone TION) oe 


jont( p jonyiy (181) 
D(daye Ww) el Diyy | Hemel tly y (182) 
Digg = 20"! (D — jun )iarel™! (183) 
10d 


Substitution of equations 181 and 183 
into equation 178 and multiplication by 
&", and a similar maneuver with equa- 
tion 179 modify the basic equations 176 
to 179 to 


np =(timt+LuD yiart+LgD (irre) (184) 


Vib= (rim +LiyD iin +LyDine ei alae (185) 


tapehom = [ tat Lanl D —jun) Jinzeo™ + 
LD —jon)iy (186) 


pape 40M = [ ¢y-+-Lmo( D +jorn) Jizye I + 
Ly(D+jon)iy (187) 


which may be taken as the starting point 
for the condition of constant wn. 

for symmetrical conditions, the nega- 
live-sequence equations are the con- 
jugates of the positive-sequence equa- 
tions, so that only the positive-sequence 
pair needs to be considered, The charac- 
teristic equation derived from them is a 
quadratic, the roots of which are readily 
obtained, The characteristic equation 
derived from the negative-sequence pair 
is the conjugate of the characteristic 
equation derived from the positive-se- 
quence pair, and the full characteristic 
equation is a fourth-degree equation, the 
product of the two quadratics, 

Vor unsymmetrical conditions, both the 
posilive- and negative-sequence equations 
must be used, ‘The conditions for the 
problem at hand are unsymmetrical, since 
the auxiliary (a) stator winding is open. 
The equivalent rotor windings are short 


circuited, Then 

Jubii =0 (188) 
vor =0 (189) 
Vap =0 (190) 


Utilization of these conditions in equa- 

tions 184 to 187 gives 

v= (tint Lud )iy+LyD | —Ly(D —junyiry/ 
[ra+Lu(D—jon)]} (191) 

Ho = (im Lud if+LgDl —Lo(D +jon)iry/ 
[re+-Lox(D-+jon)]} (192) 


whence 


Yn Sy beipy = (2(tim bLyD) +LyDX 
{ —Ly(D —jon)/[1re+-Lao(D —jon)|—Lg(D+ 
jon)/lra+-L(D + jon)) Hay (193) 


d= [tet Loe( D —jon)] [ro +Lm(D +jon)) x 
Vim/ {2 [r2+-Lax(D —jon)) [re + L(D + 
Jon) (rim LP) = [ra+-Loo(D + 
Jon) |Lg?D(D—jon) — [rg-+-Lo2(D — 
Jjon)\Lg*D(D+-jon)} (194) 


the denominator of which gives the char- 
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RESIDUAL VOLTAGE — MILLIVOLTS 


° 10 20 30 40 50 60 70 80 90 


ROTOR POSITION-MECHANICAL DEGREES 
—— IN PHASE —-—-— QUADRATURE 


Figure 11. Plots of residual voltage as func- 
tions of temperature and rotor position 


acteristic equation 


(LiyL2n? — Lg?Le2) 88+ (rimLng? + 
QroL Lo — rol g*)s* + (re Lit 
Qrrmrale + LyL2wn? —Lg*Lown®)s + 
(rimt2?+rimLm*w?n*?)=0 (195) 


Theoretically the speed step can be 
large enough to have significant effect on 
s, and if large enough can give a pair of 
conjugate complex roots. But practically 
wn does not exceed a few hundred 
radians per second, the resistances are of 
the order of several hundred ohms and the 
inductances only a fraction of a henry, so_ 
that the size of the speed step generally 
has negligible influence on the character 
of the resulting transient; in other words 
the character of the transient is ‘deter- 

% 
AIEE TRANSACTIONS 


a 


i 


tachometer illustrated in Figure 1 is ad- 


mined essentially by the electrical param- 
eters of the system. For example, if the 


justed for ratio and phase by means of a 
series and a shunt resistor, as shown in 
Figure 9(A), and subjected to a speed step 
of 300 radians per second, 


s= —1,840,, —5,490, —17,590 second 
1) (196) 


but if the speed step is cut in half, 


s1= —1,830, —5,450, — 17,510 second— 
(197) 


If the capacitance is used, as shown in 
Figure 9(A), equation 168 must be modi- 
fied by the addition of i,,/CD, and equa- 
tions 176 and 177 consequently acquire 
additional terms i,/CD and i)/CD, re- 
spectively. Then 


s=—817, —17,760, —3,120+ 72,040 


second! (198) 


though if the tachometer used for the il- 
lustration had been designed with such 
scheme of adjustment in mind, its elec- 
trical proportions probably would be dif- 
ferent and hence give different transient 
response than computed here. How- 
ever, the analysis shows that acceleration 
errors need not be significant. 


Errors Due to Dissymmetry or 
Inhomogeneity of Parts 


When the rotor of the tachometer is 


‘stationary the voltage of the output wind- 


ing is supposed to be zero, but owing to 
various lacks of symmetry and homo- 
geneity in the device a zero-speed or re- 
sidual voltage usually appears. Various 
schemes are directed towards elimination 
of this residual voltage and presumably 
would succeed if the residual voltage did 
not vary with position of the rotor, but 
owing to that variation these schemes 
serve principally to reduce the average re- 
sidual voltage with respect to rotor posi- 
tion to zero. The residual voltage can 
arise from any or all of a number of con- 
ditions. The input and output windings 
may not be effectively in quadrature elec- 
tromagnetically, the air gap may be un- 
symmetrical, the magnetic materials in 
the structure may be unsymmetrical in 
disposition or inhomogeneous in composi- 


tion, the cup may be unsymmetrical in 


position, not of circular form, of nonuni- 


_ form thickness, or inhomogeneous in com- 


Be 


position. An extensive theory has been 


developed to examine the effects of these 


various conditions, and possible remedies 
for them, but since application of the 
theory is tied more or less to the manner 


of construction of a particular type of 
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tachometer, the details are omitted here. 


In brief, the direct effects of dissym- 
metry and inhomogeneity in the stator 
structure can be compensated by means of 
adjustable assymmetries deliberately in- 
troduced into a part of the stator struc- 
ture, or by means of compensating wind- 
ings, but the variation of residual voltage 
caused by dissymmetry or inhomogeneity 
in the rotor structure can be reduced 
only by means of some modification of 
the rotor. 


For example, by means of core adjust- 
ment, and if necessary by use of an auxili- 
ary winding in the same slots as the out- 
put winding supplied with current in cor- 
rect magnitude and phase to induce the 
desired compensating voltage in the out- 
put winding, the residual voltage can be 
made zero for any one position of the 
rotor. But for other positions of the rotor 
the residual voltage is not compensated. 
The variation of residual voltage sub- 
stantially repeats itself in each 180 elec- 
trical degrees of rotor position (90 me- 
chanical degrees for a 4-pole machine), as 
shown in Figure 11. When the machine is 
running, therefore, the residual voltage is 
amplitude modulated at a frequency pro- 
portional to the speed of the machine. No 
adjustment of the core has any important 
effect on the amount by which the re- 
sidual voltage varies with rotor position 
but merely changes the level about which 
it varies and shifts its position with re- 
spect to rotor angle. The performance 
suggests that as a first approximation the 
rotor acts as a perfect rotor with a bump 
on it, and that compensation therefore 
can be introduced by deposition or re- 
moval of small quantities of material. 
Such procedures actually are used, but 
they are tedious, so that the importance 
of having homogeneous rotor material and 
holding close machining tolerances cannot 
be overemphasized. For a rotor that 
carries the core structure, the variation of 
residual voltage is likely to be greater 
than for cups or disks that rotate inde- 
pendently. Incidentally, in calibrating 
the tachometer and later in mounting it, 
care should be exercised to keep it away 
from large pieces of iron, such as large 
wrenches, angle iron of a mounting rack, 
or other machines. The dissymmetry in- 
troduced into the magnetic circuit by a 
large wrench touching the case can make 
considerable change in the residual volt- 
age. 

The distribution of current in the rotor 
is very complex, both geometrically and 
in time phase, as is the distribution of 
eddy currents in the various parts of the 
stator. 


Dissymmetries and inhomogeneities 
in the materials cause dissymmetries 
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in the current distributions which depend 
also upon the reactions of these currents 
on each other. When temperature 
changes, the current distributions change, 
owing to changes in resistance, permeabil- 
ity, and dimensions. Thus when a tachom- 
eter is favorably adjusted for a low level 
of residual voltage at one temperature it 
may have a relatively high level of re- 
sidual voltage at another temperature. 
Figure 11 is illustrative of an unadjusted 
tachometer, having relatively high re- 
sidual voltage, subjected to successively 
higher ambient temperatures, (A) to (E), 
and (I) shows the best results that could 
be had by core adjustment alone at nor- 
mal ambient temperature. These re- 
sults are practically uninfluenced by the 
presence of a negative-temperature-co- 
efficient resistor external to the tachom- 
eter. Hence even if compensation can 
be introduced to offset the changes of 7p 
and 7, with change of temperature, inso- 
far as ratio and phase are affected, or if 
those resistances can be made of essen- 
tially zero-temperature-coefficient ma- 
terials, the residual voltage may change 
with change in temperature due to change 
in resistance of stator iron and change in 
dimensions and, therefore, control of am- 
bient temperature may be important. 


Conclusions 


By careful design and with the use of 
auxiliary networks, the drag-cup a-c ta- 
chometer can be developed to have ratio 
error of about 0.01 per cent and phase er- 
ror of about 0.01 degree over a range from 
zero to about 25 per cent synchronous 
speed. To make available such accuracy 
requires close control of supply voltage 
and frequency, and of ambient tempera- 
ture. The symmetry and homogeneity of 
the cup is of special importance to mini- 
mize the variation of residual voltage. 
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Discussion 


George C. Newton, Jr. (Massachusetts In- 
stitute of Technology, Cambridge, Mass.): 
Professor Frazier is to be congratulated for 
the most comprehensive and scholarly 
treatment of the drag-cup a-c tachometer 
presented to date. My discussion is de- 
voted to additional comment rather than 
criticism of his excellent paper. 

In most computer and automatic control 
applications of a-c tachometers the output 
signal is ultimately demodulated to provide 
a noncarrier representation of the speed in- 
formation. In such cases the performance 
of the tachometer should be appraised in 
conjunction with the demodulation process. 
For example, the possibility exists for par- 
tial compensation of the tachometer’s devi- 
ation from linearity by suitable offsetting of 
the phase of the demodulator reference volt- 
age relative to the phase of the tachometer 
excitation. Also the effective transient 
performance of the tachometer can be 
appreciably affected by the demodulation 
process which follows. In other words, in 
situations where the tachometer’s signal is 
demodulated, it is highly desirable to con- 
sider the tachometer and demodulator as a 
system. 

A somewhat different approach to the 
transient performance of the tachometer 
(and demodulator) can be obtained through 
frequency response methods. Both ana- 
lytically and experimentally the response of 
the tachometer system to sinusoidal speed 
fluctuations gives valuable information on 
the transient behavior. The analytical 
methods are similar to those used by H. C. 
Stanley in his analysis of the induction 
machine subjected to pulsating loads.! 

Finally, a very important figure of merit 
for tachometers used in automatic control 
applications is the ratio of the speed voltage 
sensitivity to the maximum variation of 


residual, in-phase, position voltage. It is - 


this ratio rather than the absolute level of 
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position voltage that determines the ulti- 
mate usefulness of the tachometer in feed- 
back control applications. Unfortunately, 
this index of usefulness cannot be very 
readily predicted in design and the principal 
method of keeping it within bounds is pro- 
duction control once a suitable prototype 
has been constructed by semi-empirical 
means. This explains why tachometers for 
precision use are expensive. 
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Peter Kennedy (Westinghouse Electric 
Corporation, Baltimore, Md.): Prof. 
Frazier’s paper is a most interesting contri- 
bution to the literature on components of 
computing devices. However, this reader 
would have appreciated more detail relating 
to the derivation of the equivalent circuit of 
the machine by symmetrical components. 
This was only hinted at, but presumably it 
would be beside the main purpose of the 
present work. Further report of the con- 
firmation of the theory by laboratory 
measurements would have been of interest. 

As a side-light, it may be remarked that it 
is interesting to observe how the very up-to- 
date science of electronic computation can 
profitably draw upon concepts originated 
long before electronic computers were vis- 
ualized. For example, the method of sym- 
metrical components was advanced first 
more than 30 years ago. Indeed, the action 
of the machine as a tachometer is basically 
similar to the action of the induction ma- 
chine as a phase balancer, which was among 
the things prompting Fortesque’s work. 
For another example, consider the measure- 
ment technique suggested by equations 107 
and 108 in which the measurement of an 
impedance is made at two different fre- 
quencies to check calculation of reactance 
and to show the variation, if any, of resist- 
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ance with frequency. This procedure was” 
first employed around the turn of the cen 


tury in connection with the classic Epstein 
core loss method. 3 

£ 
R. H. Frazier: Professor Newton’s com-— 
ments relative to the desirability of con 
sidering the tachometer and the demod 
ulator as a system, with the possibility of | 
studying the transient response of the sys- 
tem by frequency-response methods, and hig 
observations concerning the importance of © 
minimizing the variation of residual voltage 
with rotor position, are valuable supple 
ments to the paper. ¥ 

The author would have been glad to oblig 

Mr. Kennedy (and others who have made 
similar comment) by including full details of 
the application of the method of symmetri-_ 
cal components to reach the equivalent cir- 
cuits. These maneuvers (and miscellaneous 
other intermediate algebraic steps) were 
omitted largely in the interest of saving 
space, and because, as Mr. Kennedy inti-_ 
mates, the procedure really is quite straight- 
forward and is in itself somewhat beside the - 
main objectives of the paper. The unpub- 
lished work of Fitzgerald and Kingsley, 
mentioned near the beginning of the paper, 
is scheduled to be published in May 1952 by 
the McGraw-Hill Book Company, In- 
corporated, under the title, “Electric Ma- 
chinery.”’ The application of the method of 
symmetrical components to transients is 
quite analogous to the steady-state applica-_ 
tion, but apparently no published general 
treatment exists. Likewise, considerable 
data could have been included on measure- 
ments, had space permitted. For accuracies 
of the order of several per cent, various con- 
ventional measuring techniques may suffice, 
but for accuracies of the order of 0.5 per cent 
or less, methods that devote special atten- 
tion to numerous details are necessary, the 
presentation and discussion of which, with 
the inclusion of numerical data, would re- 
quire a full-length paper. 
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PEECH is transmitted electrically by 

subscriber’s lines, which are num- 
bered systematically to permit simple 
interconnection of the lines. When this 
interconnection is performed by means of 
automatic switching equipment, a count- 
ing system is introduced which can be 
handled by subscribers. The subscribers 
phone is provided with a dial to operate 
the counting system in the automatic 
exchange, 

This dial interrupts the subscribec’s 
line loop as many times as indicated by 
the digits of the dialed number. The 
number of the current interruptions of 
each series is counted and the automatic 
equipment is positioned accordingly. 

This paper deals with the counting of 
series of dial pulses by means of relay 
chains. It is the author’s object to give 
a logical review of some types of counting 
chains, leading to more systematic solu- 
tions and their use in dial pulse register 
circuits. It is necessary to count up to 
ten pulses. The use of all possible operat- 
ing conditions of the relays of the counting 
chain leads to rather complicated and un- 
systematic diagrams with an inconven- 
iently arranged sequence of the operating 
combinations. Counting chains of this 
type are practically of no importance for 
telephone switching systems. 

The way generally used to build up 
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counting chains is to connect in series 
a number of counting pairs of relays. 
There are two principal types of counting 
chains, 


Homogeneous Linear Relay 
Counting Chains 


The main problem in designing count- 
ing chains is to use the least possible 
number of relays and contacts having a 
clear registration code. This code is of 
great importance because a clear code 
facilitates the design of the telephone 
switching system and permits easy main- 
tenance and fault location. The practical 
solution of this problem will be found be- 
tween the two extremes, that is, a relay 
chain using ten pairs of relays and a chain 
using all possible operating conditions of 
five relays. There is no single solution 
but a number of solutions depending on 
the requirements of the switching system 
in which the counting chain will be ap- 
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plied and the construction of the relays 
of the system. 

Counting chains built up of sections 
with equal diagrams are called homogene- 
ous. These chains are linear when no 
combinations of the operating conditions 
of the sections or relay-pairs are used, or 
when these combinations are limited to a 
double use of the chain. The principle of 
a counting chain of this type, used for 
many years in the Bell 7A2 Rotary Sys- 
tem,! is shown in Figure 1. This chain 
consists of ten pairs of relays (six pairs 
shown), each releasing the preceding pair 
when being operated. After ten pulses 
the tenth relay-pair only remains oper- 
ated. This counting chain produces an 
entirely systematic but expensive regis- 
tration in a one out of ten code on groups 
of ten register relays per digit. 

A linear counting chain with ten pairs 
of relays and ten register relays per digit 
offers no practical solution of the problem. 
The 7A2 Bell Rotary System (Bell Tele- 
phone Manufacturing Company, Ant- 
werp, Belgium) solved this problem by 
making a double use of the first four pairs 
of a relay chain of six pairs as is shown in 
Figure 1. As may be seen in the sequence 
diagram of Figure 2, the counting chain 
of Figure 1 counts as follows. Relay A is 
magnetized by the first pulse on the pulse 
relay IR, relay B is magnetized in series 
with relay A in the pause after the first 
linear 


Homogeneous counting 


chain 


Figure 1. 
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Figure 2. Relay action sequence of Figure 1 


pulse, and so on. The sixth pulse mag- 
netizes relay K, and relay L is magnetized 
in series with relay K in the pause after 
the sixth pulse. The second relay of each 
pair breaks with its left-hand contact the 
holding circuit of the preceding pair. 
Relay-pair [/J releases in the pause after 
the sixth pulse. This again connects the 
pulse contact to the first relay-pair. 
Relay-pair K/L remains operated. The 
seventh pulse now operates pair A/B and 
so on till the tenth pulse operates pair 
G/H. 

In this system the digits are not regis- 
tered on groups of six relays, but on 
groups of four relays, which is the mini- 
mum possible number. The relays of such 
a group have the systematic value of 
one, two, four, and six. The sum of the 
values of the operated relays of a register 
group represents the received digit. As 
seen in Figure 1, the code translation 
from counting chain code into register 
relay code is easily performed by means of 
a small number (eight) of contacts on the 
counting relays. 

This rather elegant solution lacks con- 
stancy in code. It may be regarded as an 
important requirement for a good reg- 
ister that the code of the receiving 
chain, the register relays and the sending 
counting chain in a register are the same. 

The double use of the relay-pairs in the 
linear counting chain may be extended 
further, degenerating this type, but this 
leads to nonpractical solutions as far as 
they do not reach the binary stage. 


Homogeneous Binary Counting 
Chains 


Counting chains using all possible 
operating conditions of the consisting re- 
lay-pairs are called binary. All counting 
chains of this type show a relay action 
Figure 3. 


General relay action sequence of a 
binary counting chain 
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sequence as is given in Figure 3. A chain 
of four pairs of relays counts up to 15 
pulses. The diagram of a very useful 
chain is shown in Figure 4. Relay A is 
operated on the first pulse, relay B is 
operated in series with relay A in the 
pause after the first pulse. The second 
pulse closes a holding circuit for a second 
winding of relay B and operates relay C. 
The left-hand contact of relay C breaks 
the holding circuit of relay A and the first 
winding of relay B. Relay A releases. 
Relay B remains operated via the second 
winding as long as the contact of the pulse 
relay JR is closed on the second pulse. 
Relay D is operated in series with relay C 
in the pause after the second pulse when 
relay B also releases. 

After two pulses relays C and D are 
operated and relays A and B are then 
nonoperated. The pulse lead is again 
connected to the first pair of relays. Re- 
lay-pair A/B is reoperated on the third 
pulse and pulse pause. This connects the 
pulse lead to the third pair of relays 
E/F. The fourth pulse operates this pair 
and releases pairs A/B and C/D, and so 
on. All possible operating combinations 
of the pairs are passed systematically. 
The number of received pulses can be 
counted easily by giving the values 1, 2, 4 
and 8 to the pairs. The sum of the values 
of the operated pairs represents the re- 
ceived number of pulses. 

The counting chain of Figure 4 has one 
limitation in its design. The number of 
directly interconnected counting pairs is 
limited to about five or six, this according 
to the type of relays used, because the 
locking windings of relays B, C and D are 
connected in parallel to the operating 
winding of relay G. When relay His con- 
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Figure 4. Binary counting chain 


nected in series with relay Gin the pause 
after the eighth pulse, the locking wind- 
ings of relays B, C and D remain con- 
nected in parallel to the winding of relay 
G during a short time. This reduces the 
holding current of relay G, which may go 
so far with an unsuitable design that it 
releases. For normal counting chains 
going up to 15 pulses this limitation is of 
no importance. 

The advantage of the binary counting 
chain in register circuits is that no code 
translation is necessary. The received 
combination of the four pairs of the count- 
ing chains can be transferred to groups of 
four register relays without change in 
code. The chain itself is very simple, 
using only one transfer and one make 
contact on each relay, or in total ten 
springs per pair. The linear counting 
chain of Figure 1 has 11 springs on pair 
E/F as a maximum. 

The binary counting chain may be 
adapted easily to the 1-,2-,4-,6-code 
of the Bell Rotary System. The 
pulse contact is then connected with 
the fourth relay-pair having the value 
“six” when the sixth pulse will be re- 
ceived. This 1-,2-,4-,6-code was used 
when no practical binary counting 
chains existed, but now this code seems 
to be overtaken by the binary code. 


Homogeneous Single Relay 
Counting Chains 


The diagram of a single relay counting 
chain is shown in Figure 5. The relay 


Figure 5. Single relay counting chain 
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4 Figure 6. Relay 
action sequence of 
single relay count- 

ing chain 
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action oo of this chain is given in 
Figure 6.\ The chain is controlled by 
means of a continuity transfer contact of 
the pulse relay JR. The circuit of relay A 
is closed on the first pulse via the break- 
sides of the left-hand transfer contacts of 
the relays. In the pause after the first 
pulse relay B is operated in series with 
relay A via a second pulse wire leading 
via the right-hand transfer contacts of the 
relays. 

The first pulse wire via the left-hand 
transfer contacts is connected by the 
left-hand transfer contact of relay B to 
the second section of the diagram con- 
sisting of a second winding of relay B and 
a first winding of relay C. The second 
pulse closes the circuit of the first pulse 
wire and breaks that of the second pulse 
wire. This locks relay B on the second 
winding and breaks the circuit of the 
winding of relay A and the first winding 
of relay B. Relay A releases. Relay Cis 
operated via a first winding and the 
second pulse wire in series with the second 
winding of relay B. The left-hand trans- 
fer contact of relay C connects the first 
pulse wire to the third section of the dia- 
A counting chain of 
this type needs 7+ 1 relays for n pulses. 

A more systematic use of this counting 
chain can be made by reversing the 
position of the pulse contact. Relay A is 
then already operated in the rest condi- 
tion of the counting chain, relay B is the 
only one operated after the first pulse, re- 
lay C is the only one operated after the 
second pulse, and so on. 


Figure 7. Nonhomogeneous counting chain 
in one, two, four, six code 
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Nonhomogeneous Counting Chains 


It is possible to design counting chains 
with different types of diagrams of the 
sections. Figure 7 shows a chain with a 
binary working start section followed by a 
double used linear chain. Counting 
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Figure 8. Relay action sequence of Figure 7 


chains of this type are called nonhomo- 
geneous. The object of the design of 
counting chains of this type is not always 
clear as may follow from the example 
after the next one. 

The counting chain of Figure 7 is de- 
signed under the requirements that relays 
with one winding and two transfer con- 
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Figure 9. Nonhomogeneous two out of five 
code counting chain 


tacts only may be used, and that it can 
co-operate with groups of four register 
relays with the 1,2,4,6 operating code. 
This problem may be solved, to some ex- 
tent satisfactorily, by means of a single 
stage of a binary counting chain (relays 
A, B and C) followed by a double used 
linear counting chain consisting of three 
sections (D/E, F/G, and H/I). The re- 
lay action sequence of this diagram is 
shown in Figure 8. The binary section 
(A, B and C) is working under the direct 
control of the contact of the pulse relay 
IR, the linear sections are working under 
the control of the right-hand make con- 
tact of relay C. On the first pulse relay 
IR closes an operating circuit for relay A. 
Relay B is magnetized in series with relay 
A in the pause after the first pulse. The 
second pulse operates relay C via the 
right-hand transfer contact of relay B. 
The break side of the left-hand transfer 
contact of relay A then releases relay A 
and closes temporarily a holding circuit 
for relay B. Relay C and consequently 
relay B are released in the pause after the 
second pulse, and so on. 

The linear sections D/E, F/G and H/I 
operate in the same way as is already de- 


Figure 10. Relay action sequence of Figure 9 


Figure 11. 


scribed for Figure 1. The recycling, 
which is not so simple, is performed by 
means of the left-hand contacts of relays 
F, H and I, as may follow from the relay 
action sequence diagram of Figure 8. 

The use of two different counting prin- 
ciples in one counting chain may be re- 
garded as an important disadvantage es- 
pecially for maintenance and fault loca- 
tion. The number of relays of the dia- 
gram of Figure 7 can be reduced to six in a 
rather appreciable diagram, when the 
linear counting chain of Figure 5 is used 
instead of that of Figure 1. That diagram 
does not fulfill the above given require- 
ments, 

A nonhomogeneous 
which has drawn much attention and 


counting chain, 


which seems to be applied on a big scale, 
is shown in Figure 9.2 The relay action 
sequence is given in Figure 10. The 
counting chain consists of a single binary 
section with three relays (Lz, L4 and Ls), 
followed by a double used linear chain 
(P; up to Ps) and an auxiliary relay Peg. 
These linear sections count as follows: 
Py Pe Fe Pate hy Lire be eT ee are 
P3+Po, Pit+Po, The relays of the binary 
working start section only play an auxil- 
iary role, The operating conditions of the 
relays of the linear sections are trans- 
ferred to groups of five register relays. 
The receiving code is translated mean- 
while into another code in which two re- 
lays are always operated—the ‘‘two out of 
five” code, The five register relays of the 
group have the values 0, 1, 2, 4, and 7. 
The sum of the values of the operated re- 
lays equals the received number, except 
for 0(ten), which is ‘four plus seven,” 

The contact of the pulse relay JR 
operates relay Lon the first pulse. In the 
pause after the first pulse relay Ls is 
magnetized on a first winding in series 
with relay Ly, The second pulse operates 
relay [4 and locks relay Ls on a second 
winding, The right-hand contact of relay 
L4 breaks the circuit of relay L, and the 
first winding of relay Ls, Relay Ls then 
releases, Relays L,and Ls are released in 
the pause after the second pulse, The 
operating cycle starts again on the third 
pulse. 

The right-hand transfer contact of re- 


1910 


Homogeneous linear counting chain analogue to Figure 9 


lay Ls controls the linear chain with re- 
lays P; up to Ps. Relay P; is operated in 
the pause after the first pulse via the make 
side of the right-hand transfer contact of 
relay L; and a chain of break contacts of 
relays Ps, Po, P;,and P;. Relay P; locks 
itself via a make contact and a chain of 
break sides of the continuity transfer con- 
tacts of relays P, up to P;. Relay Po 
operates in the pause after the second 
pulse via the break side of the right-hand 


Figure 12. Relay action sequence for single 
relay counting chain in two out of five code 


transfer contact of relay L; and a make 
contact of relay P;. Relay P; locks itself 
via the make side of its continuity trans- 
fer contact, which breaks the holding cir- 
cuit of relay P, and so on. Relay Pe 
operates in the pause after the sixth pulse. 
The upper contact of this relay closes the 
pulse wire to relay P;, which is again 
operated in the pause after the seventh 
pulse. Relay P; now releases relay P;. 


4 
Homogeneous Counting Chains for 
the Two Out of Five Code 


‘ 


a 


The counting chain of Figure 9 is not 4 
logically designed because of the non- — 
homogeneous character and the code — 


translation. Two questions arise from 


this, namely is it possible to design a 


homogeneous relay chain counting in the 


| 
same code as the counting chain of Figure — 
9, and is it possible to design a homogene- — 
ous counting chain already counting in the © 


given two out of five code, thus approxi- 4 


mating the logical counting ideal. 


A counting chain counting in the same . 


code as the LZ and P relays of Figure 9 
may be readily designed by means of the 


linear principle given in Figure 5. The © 


diagram is given in Figure 11, and the re- 
lay action sequence in Figure 12. As this 
chain counts exactly in the same code, 
the contacts translating the receiving 
code into the register code are omitted in 
the diagram. 

The disadvantage of the continuity 
transfer pulse contact is probably of 
no importance in this case. After the 


aforesaid about the diagram of Figure | 


5, the working of the chain of Figure 11 
may be clear from the relay action se- 
quence shown in Figure 12. The chain 
consists of six counting relays P; up to 
Py, having the values one to six respec- 
tively and an auxiliary relay Po, which 
plays a role in the starting and the re- 
cycling of the chain. The balance be- 
tween the counting parts of both diagrams 
results in nine relays with 53 springs and 
31 contacts (Figure 9) against seven re- 
lays with 39 springs and 25 contacts 
(Figure 11), which is favorable for the 
logical solution of the problem. The dia- 
gram of Figure 11 moreover, offers the 


Figure 13. Homogeneous two out of five code counting chain 
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Figure 14. Relay action sequence of Figure 
13 


advantage that all seven relays can be 
made equal without difficulty. 

The counting chain of Figure 11 gives 
no satisfaction from the viewpoint of the 
still necessary code translation. An in- 
vestigation of the two out of five code, 
shows that it comes close to the code of 
the binary counting chains. The dif- 
ference is principally incorporated in the 
fact that the relay-pair with the values 
“eight” in the binary code has a value of 
only ‘‘seven”’ in the two out of five code. 
In the groups of register relays a fifth 
with the value ‘“‘zero’’ has been added, 
which has no meaning in the problem of 
the counting chain. This ‘‘zero’’ unit has 
to be produced artificially. 

A relay counting chain in the 1-,2-,4-,7- 
code, derived from the binary counting 
chain of Figure 4, is shown in Figure 13, 
the relay action sequence is given in 
Figure 14. The chain works binary up to 


_ six pulses exactly in the same way as de- 


scribed for Figure 4. The pulse wire is 
switched over to the fourth relay-pair 
G/H. The seventh pulse operates this 
pair. After that the first three relay- 
pairs work as a linear counting chain, the 
first two pairs being operated via the 
normal pulse wire, the third pair on the 
tenth pulse via the auxiliary control wire 
via the upper transfer contacts of relays 
Fand H, In this way the relay counting 
chain works in the _ 1-,2-,4-,7-code. 
This code can be transferred without 
any translation to groups of register 
relays by means of a single make contact 
of each relay-pair. The “zero” wire, 


_ which has no meaning in the case of a 


pulse receiving relay counting chain, is 
produced by means of a simple contact 
circuit, which is shown in Figure 13. 
This counting chain has not the least 
number of relays, but has the least num- 
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ber of springs and contacts, which is of 
importance for a reliable working. 


Conclusion 


No attention was paid in the preceding 
paragraphs to the switching systems, in 
which the register circuits have to be ap- 
plied. These systems are so large in 
number and differ so much that it is im- 
possible within the limits of this article 
to describe a number of applications of the 
developed principles. The reader, skilled 
in the art of switching, will have enough 
information to apply the principles given. 
The principles are of a general character, 
as may be seen from the self explaining 
diagram of Figure 15, in which sym- 
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Figure 15. General diagram of pulse register 


bolically a complete pulse register is 
shown having no code translation. The 
receiving counting chain is shown on one 
side, the sending counting chain on the 
other side, the register relays between 
both counting chains, and the registra- 
tion code going straight through this dia- 
gram. 
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; On the Accuracy of Holding Time 


Measurements 


IMRE MOLNAR : 


NONMEMBER AIEE 


T WILL be helpful for the understand- 
ing of traffic problems to realize that, 
fundamentally, telephone traffic is the 
sum of accumulated holding times of 
switching channels. For instance, if one 
channel is loaded in a certain hour with 
15 calls, each of 3 minutes or 0.05-hour 
duration, and since these calls must 
necessarily be carried by the channel 
consecutively, the total duration of oc- 
cupancy will be 0.75 hour; which is then 
equivalent to the statement that the 
traffic is 0.75 traffic unit or that the oc- 
cupancy of the channel is 75 per cent. 
From this simple statement two impor- 
tant conclusions can immediately be 
drawn. First, that telephone traffic is 
completely equivalent to the length of oc- 
cupancy of the switching channels; that 
it may be expressed in any convenient 
unit of time; and that the same traffic or 
occupancy can be made up by many calls 
of short holding times each, or a few calls 
of long holding times each, or in any con- 
ceivable mixture of these as long as the 
sum of the individual holding times add 
up to the total length of occupancy. 
Second, since a channel naturally cannot 
be occupied for more than one hour in any 
single hour, the traffic carried per channel 
in one hour cannot exceed one traffic unit. 
These considerations apply equally to a 
single channel, or to any one channel in 
any arbitrary grouping of channels, or to 
the average traffic per channel in a group. 
From what we have said up to now, it is 
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apparent that any measurement of traf- 
fic can be reduced in the last analysis to 
the measurement of time, more specifi- 
cally to the measurement of accumu- 
lated holding times. There are several 
established methods for the measurement 
of telephone traffic, the most widely used 
of these being the so-called switch count 
method; although under this generic 
term we shall also include other ones with 
little resemblance in procedure though all 
based on the same fundamental prin- 
ciple. As it is well known, in the switch 
count method a group of channels is 
sampled at regular scanning cycles to de- 
termine the number of channels simul- 
taneously occupied at a certain instant. 
If these simultaneous occupancies are 
totalized for, say, one hour and the total 
divided by the number of scans, the 
average number of simultaneously oc- 
cupied channels during that hour will be 
obtained. It can be demonstrated that 
this average number of occupied chan- 
nels, neglecting some fine points, is nu- 
merically equal to the traffic carried by the 
group during that hour (or traffic den- 
sity), expressed in traffic units. The 
agreement can be made very close if cer- 
tain rules in the technique of switch 
counts and in the method of sampling are 
observed, and the present.paper will deal 
with some of the refinements in the ac- 
curacy of traffic observations. 


The scanning during the switch count 
process can be carried out either by visual 
inspection of the number of cord circuits 
plugged in, or of the number of switches 
in use, or of the number of circuit busy 
lamps lit, or it can be entirely mechanized 
by an automatic scanning device such as 
one of the several types of Trafficorders.! 
Figure 1 shows a picture of the Automatic 
Electric Company’s type C Trafficorder. 
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Whichever of the methods are to be used, 
the basic rules of sampling, as particu- 
larly adapted for switch count methods, 
apply. 

From the preceding it will be under- 
stood that the switch count process is a 
particular method of time measurement 


by sampling, and its accuracy can be ap- | 
praised by comparison with direct meas- — 


urement of time, for instance, by a clock, 
where the latter term is used in its broad- 
est possible interpretation. We also have 
seen that the amount of traffic is equal to 
the accumulated holding times of individ- 
ual calls; therefore, if in addition to 
measuring the traffic, the number of calls 
carried by the group of channels under 
observation are simultaneously counted, 
the average holding time of a call can be 
determined by dividing the traffic by the 
total number of calls. Conversely, if by 
some means we have obtained the average 
holding time of a call and the total num- 
ber of calls, the product of the two will 
give us the total amount of traffic; though 
the former procedure is the one more 
commonly occurring in practice, that is, 
where the traffic and the number of calls 
are measured, and the holding time then is 
directly determined. If the laws govern- 
ing the accuracy of peg count methods 
and holding time measurements are deter- 
mined, we have the necessary tools avail- 
able by which the accuracy of traffic 
measurements can be appraised. The 
former was recently studied and pub- 
lished by the author,? who found that the 
commonly used peg counting methods 
provide an exactness well within that re- 
quired for traffic measurements. 

In 1941 Roger I. Wilkinson of the Bell 
Telephone Laboratories published an out- 
standing paper’ using methods of math- 
ematical statistics, on the reliability of 
holding time measurements, which can be 
considered as the fundamental work for 
all problems related to switch count 
methods. This in conjunction with the 
paper quoted in the last paragraph, pro- 
vides sufficient material to appraise the 
accuracy obtainable with switch count 
programs occurring in practice. Mr. 
Wilkinson reduced his theory into a 
series of equations, and then developed a 
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number of graphs to assist the traffic engi- 
neer in devising working schedules for the 
sampling of holding times. 

As in all sampling processes of homo- 
geneous populations the accuracy im- 
proves with an increasing number of 


samples taken. However, a point of di- 
iinishing returns will be reached, be- 
yond which the improvement in accuracy 
becomes so slight that it would not justify 
the expense of further sampling; par- 


Figure 1 (left). 
Type C Traffi- 


corder 


Figure 2 (right). 
Simplified  dia- 
gram of Traffi- 
corder connec- 
tions 


ticularly when one considers the me- 
chanical limitations of the sampling pro- 
cedure, the purpose for which the knowl- 
edge of the holding time is required, and 
the persistence in the homogeneity of the 
population. There are a few simple rules 
which can help to improve the accuracy of 
the program. First, other things being 
equal, the longest observation period 
should be selected, consistent with the 
view that enough periods must be in- 
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cluded so that representative sampling of 
all known or suspected major variations 
is accomplished. Second, if a choice is 
available, a short scanning cycle will pro- 
duce more reliable results than a long one. 
As a result, for the holding times of usual 
telephone conversations a fair accuracy 
can be obtained if the scanning cycle is 
one-half or less than the average holding 
time. Third, the first and last counts 
should coincide closely with the beginning 
and end, respectively, of the observation 
period, and the intermediate counts, that 
is the scanning cycle, should be uni- 
formly spaced. Fourth, each count 
should be taken as quickly as possible, so 
that a substantially instantaneous reading 
of calls in progress is obtained. Fifth, the 
graphs computed for this purpose are, 
strictly speaking, valid only if the dis- 
tribution of the holding times around the 
average follow the exponential law; how- 
ever, they are not greatly dependent on 
the form of holding time distribution as 
long as the average call length covers 
several scanning cycles, and the graphs 
can probably be used with a slight allow- 
ance. For relatively constant holding 
times the accuracy can be further im- 
proved by choosing the scanning cycle so 
that it will be contained in the average 
holding time approximately a whole 
number of times. A high accuracy can be 
obtained with relatively few observations 
if the scanning cycle is exactly equal to 
the constant holding time. 

According to Mr. Wilkinson, neglecting 
a few minor causes, there are three prin- 
cipal sources affecting the accuracy of the 
measurement. 
1. The homogeneity of sampling processes 
in general, that is, the sampies which have 
been drawn at random represent the charac- 
teristics of the population. This accuracy, 


of course, can be improved by increasing the 
number of samples. 


2. Errors at the beginning and at the end 
of the observation period, due to observa- 
tions of calls being included at the beginning 
from the preceding period, and at the end 
which will project into the next period. 


8. Errors due to the nature of the method 
itself, that is by counting switches in definite 
cycles; therefore an exact measurement of 
the holding time of any one call will prac- 
tically never be made. 


When the average holding time is evalu- 
ated from the results of the switch count 
process, the best estimate for the aver- 
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" 
5 per cent accuracy, Table III tells us | 
that two observation periods would have 
sufficed. 


In his paper Mr. Wilkinson compares 


Table Il. 


Scanning Interval Corrections . 


Scanning Average Holding Time in Seconds 
Interval 10 25 50 75 100 125 150 200 


in Seconds Multiplier (k) : t ; I 
his theoretical conclusions with a series of 
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(1) Obtain per cent error e from Table I for number of calls ” included in one observation period and for 


selected confidence P. 


(2) Obtain multiplier k to e from this table for length of scanning interval and anticipated average holding 


time. 


(3) Obtain number of observation periods N required from Table III for ke and for selected over-all per cent 


error E. 


age holding time of the population will be 
this result; however, there is a certain 
amount of uncertainty inherent to this 
value due to the above three causes. Asa 
result of Mr. Wilkinson’s work this un- 
certainty can be estimated, and by ex- 
tending the program to include many ob- 
servation periods any specified degree of 
accuracy is obtainable. 

Tables I, IJ, and III were calculated 
from Mr. Wilkinson’s equations. Table 
I represents the limits e of the percentage 
of error in the average holding time which 
can be expected with a given confidence 
P if m samples are drawn in one observa- 
tion period from an exponentially dis- 
tributed holding time population, and is 
equally valid whether the holding times 
of the samples are exactly measured by a 
clock method, or obtained by a switch 
count process. Table II gives the mul- 
tiplier to the per cent error e obtained 
from Table I, due to causes (1) and (2) 
‘above and which are peculiar to switch 
count methods. Table III specifies the 
number of observation periods required 
for any desired limit in the percentage 
over-all error if the single period error e is 
obtained from Table I, and multiplied by 
k of Table II. The basis of Table III is 
the central limit law, according to which 
(provided that certain conditions are 
satisfied as they are in this problem) the 
averages derived from groups of n samples 
have a tendency to be normally dis- 
tributed with increasing number N of such 
groups. 
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As an example for the use of this table 
let us assume that we devise a switch 
count schedule in which approximately 
1,000 samples are to be observed in one 
period, that the scanning cycle is 10 
seconds, and that from some preliminary 
information we know that the average 
holding time is in the order of 125 seconds. 
We wish to know from this program the 
average holding time, so that we may have 
a confidence P of 0.95 that the result will 
be accurate within +1 per cent. From 
Table I we find opposite 1,000 in the 
column for 0.95 an error e of 6.198. In 
Table II we find opposite 10 seconds 
scanning cycle and in the column for 125- 
second holding time the multiplier 1.076. 
(6.198 X1.076=6.67). From Table III 
opposite 6.5 and in the column for 1 per 
cent, we find that 42.3 observation periods 
are required. Interpolating between 6.5 
and 7.0 single period error we conclude 
that about 45 or 46 observation periods 
would provide the desired degree of ac- 
curacy. Had we been satisfied with, say, 
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tempted to determine with a Trafficorder 
having a 10-second scanning cycle the 
average holding time of translators used 
in a Director system. By preliminary 
calculations from the individual operating 
times of the circuit components, the 
holding time was estimated to be about 
400 milliseconds; the results, however, of 
the Trafficorder observation showed a 
greater discrepancy than could have been 
reasonably expected from the accuracy of 
the preliminary estimate. The same 
translator holding time was then meas- 
ured with the aid of the delay register* 
to a fairly high degree of precision, and 
found to be approximately 100 milli- 
seconds less than the holding time ob- 
tained from the Trafficorder process 
Furthermore, by making comparison of 
the two methods on various types of 
equipment and in a holding time range 
from 300 to 600 milliseconds, the same 
discrepancy, that is about 100 milli- 
seconds, was obtained regardless of the 
length of the holding time or the function 
of the circuit. By a mathematical anal- 
ysis and subsequent experimental con- 
firmation, it was discovered that there is 
an additional source of error inherent to 
switch count methods not disclosed by 
previous studies, and in order to under- 
stand this more clearly we must first 
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Figure 3. Generalized sequence diagram for Trafficorder measurements 
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Number of Observation Periods Required 


% Error Single 
Observation 0.5 1 
Period (ke) 


Per Cent Over-All Error (E) 
5 


2 3 4 


Number of Observation Periods Required (N) 
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take a closer look at the conditions under 
which switch counts, either by visual or 
mechanical means, are performed. 

Figure 3 shows the occupancy of a 
channel in parallel with the scanning proc- 
ess of the Trafficorder. In this example 
the holding time of a call extends ap- 
proximately over two scanning cycles and 
mnay, of course, start and end at any time. 
For our problem we assume that it starts 
at the point X which is somewhere within 
the scanning interval A-B, but it did not 
exist at the instant A, which we will as- 
sume for our present discussion to be the 
reference point: that is, only calls in ex- 
istence at A should be counted. 

We now see that calls originating be- 
tween A and M will be actually regis- 
tered by the Trafficorder though they 
were to be excluded under the premises of 
Switch counts and will therefore cause 
positive errors in the average holding time 
resulting from the observation program. 
A call originating between M and B will 
not be counted since there is insufficient 
time left for the counter to register. 

In addition to this positive error there 
also will be a negative error. In our pres- 


1951, VoLumE 70 


ent example the call extends beyond the 
point A’, and it should therefore be in- 
cluded in the scanning interval A’—B’. 
The point Y indicates the termination of 
the call, which will be properly registered 
if the point Y falls anywhere to the right 
of the point L’. If, however, Y falls in 
the interval A’—L’ it will not register, 
because the call will not be long enough 
for the counter to respond, and, there- 
fore, would not be included in the switch 
count, causing a negative error in the 
average holding time. 

It should be noted that these two er- 
rors are over and above any others oc- 
curring in sampling or because of other 
peculiarities of switch count methods, 
and are only due to the necessity of allow- 
ing a sufficiently long scanning interval 
u for the counter to respond reliably. We 
may be inclined to correlate this error 
with those arising by the fact that 
switches are counted at finite intervals so 
that an exact measurement of the holding 
time ¢ of any one call cannot be made 
since the points X and Y will fall some- 
where within the scanning cycle 7. The 
latter error has been completely ac- 
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counted for by Mr. Wilkinson in section 
IV-c of his paper,* and our present prob- 
lem represents an error in excess and 
practically independent of those caused 
by the inaccuracy in measuring each call, 
since the latter will always be present re- 
gardless whether the scanning interval w is 
finite or infinitely short. (wu represents 
the time during which the counter is 
connected to the circuit to be measured, 
and } represents the time required by the 
counter to respond.) By extending the 
switch count program, the magnitude of 
such error can be reduced, and by taking 
sufficient number of observations we can 
arrive at the true average holding time as 
closely as we wish to. On the other hand, 
as we shall see, the magnitude of our pres- 
ent error is for all practical applications 
independent of the number of samples 
taken and represents an error of a definite 
magnitude which cannot be eliminated, 
however far the sampling process is ex- 
tended. Therefore the best approach is to 
treat these two sources of error inde- 
pendently from each other: the one due 
to measuring each call in finite intervals 
in conformance with Mr. Wilkinson’s 
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work, by assuming infinitely short scan- 
ning interval; and applying independ- 
ently for the other a correction according 
to our presently discussed method. 

We now shall make the assumption that 
calls originate at random, which is cus- 
tomary in most telephone traffic prob- 
lems, and also, for the time being, that the 
holding times ¢ are exponentially dis- 
tributed about their average. The latter 
condition is sufficient to insure that the 
probability for a call to terminate is as- 
ymptotically proportional to the length of 
the time interval under consideration and 
is independent of the time when that call 
has originated; that is, the probability of 
termination of a call is independent of the 
length of time it has already been in 
progress. These assumptions are con- 
sidered generally true for telephone con- 
versations. It might be mentioned here 
that some advanced studies indicate that 
these are not necessary conditions for a 
Poisson process to take place, but, be- 
cause they are usually satisfied in tele- 
phone traffic, they are very helpful to 
simplify demonstrations. 

Since calls originate at random, the 
probability that it originates between the 
points A and M, if it does originate within 
the scanning cycle 7, is simply (u—b)/Z. 
If this has taken place we have added 7 to 
the true holding time of this particular 
call, therefore the average positive error 
on all calls will be i(w—b)/i=(u—D). 
Since according to our second assumption 
this call may terminate at any moment 
independently of the time it has already 
‘been in progress, the probability for a call 
to terminate in the interval A’—L’, if it 
does terminate during a scanning cycle i, 
will be 6/7 and the resulting negative er- 
ror will be 7b/i=b. 

The occurrences of positive and nega- 
tive errors are represented by two random 
variables, therefore the expectation of an 
error will be the sum of their expectation, 
with due regard to the sign. Combining 
the positive and negative errors will give 
us a total error, w—2). 

As we now see, this error is independent 
of the holding time ¢ or the length of the 
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Figure 4. Sequence diagram for Step 2 


scanning cycle 7, and is completely deter- 
mined by the length of the scanning in- 
terval u and the counter response b. 
Furthermore, it shows that it will com- 
pletely disappear if the scanning interval 
is made equal to twice the response time 
of the counter. 

We may now extend our problem to the 
constant holding time case, where all calls 
have the same length. Here calls still 
originate at random as before; how- 
ever, their termination is no longer in- 
dependent of the time already elapsed. 
On the contrary, by knowing that the 
call has originated at the point X we defi- 
nitely also know that it must end at the 
point Y, which is ¢ (the constant holding 
time) apart from X by hypothesis. 

The problem of constant holding times 
can be broken down into five separate 
steps. 


Step 1: tis less than b. In this case the 
Trafficorder will not respond at all, but it 
is of no interest since, naturally, there 
would be no attempt made to measure 
holding times less than the minimum re- 
sponse time inherent to the measuring 
apparatus. 


Step 2: t ts greater than b but less than 
t—u-+b. This case is illustrated in Figure 
4. If X falls between points 4 — MV there 
will be a positive error w—b recorded and 
there will be no negative error. If point 
Y falls between A’—L’ there will be a 


i) 
negative error b recorded. Since these 
two cases are mutually exclusive the total 


error will be u—2b. 


Step 3: tis greater than i—u-+b but less 
than i—u+2b. This case is illustrated in 
Figure 5. If the point X falls beyond 
point A, a positive error will be obtained 
as long as the point Y of the same call is to 
the left side of point A’. The probability 
of such an event is (¢—#)/z. A negative 
error will be recorded if the point X falls 
between M—B and the point Y of the 
same call falls between points A’—L’, 
with a probability of ((@+b—t—u+d)/1. 
For any other point of origin there will be 
no error recorded, since the positive errors 
occurring will compensate for the nega- 
tive one of the same call. Since the prob- 
abilities of the positive and negative errors 
are mutually exclusive, the net error will — 
be equal «—2b as before. 


Step 4: t is greater than 1—u+2b but 
less than i, This case is illustrated in 
Figure 6. If the point X is to the right of 
A and the point Y of the same call is to 
the left side of point A’ there will be a 
positive error recorded with a probability 
(i—t)/i. If the point X falls to the left of 
point M and the point Y of the same call 
to the right of point L’ a positive error 
will likewise be recorded with a prob- 
ability of (#+u—b—i—b)/i. In all 
other cases, that is, if Y falls between 
points A’—L’, the positive and negative 
errors compensate each other. The total 
error will therefore be ~—2b as in all the 
other cases. 


Step 5: tis greater thant. The previous 
considerations can readily be extended to 
the case if tis between 7 and i++), that is, a 
positive error u— 2b will be registered only 
if a call begins to the left of point M and 
terminates to the right of L, with a prob- 
ability of («—2b)/i. If t covers more than 
one scanning period 7 it can be considered 
as made up by two parts: one which 
covers exactly one or several scanning 
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cycles for which, of course, the correct 
number of counts will be obtained, and 
the second consisting of a fraction of a 
scanning cycle which will cause the same 
amount of errors as those enumerated 
in the preceding three cases. 

The foregoing analysis indicates that 
the magnitude of the error will be —2b, 
regardless whether the holding times are 
exponentially distributed or constant. 
These two represent extreme cases of 
holding time distributions, therefore it 
may perhaps be justified to conclude 
without further analysis that we are fac- 
ing here an error term which is independ- 


ent of the scanning cycle of the traffic 


recording process, of the magnitude of the 


~ holding time to be measured, and of their 


distribution about the average, since an 
arbitrary distribution could be considered 
as a step function subdivided into ex- 
tremely narrow widths, and for each such 
subdivision the holding time ¢ is con- 
stant, with an error term independent of 
f. 

It is however, dependent on the length 


of the scanning interval u and the re- 


sponse time of the counting device b, and 


can be minimized by choosing the scan- 


ning interval to be approximately twice 
the counter response time. The error 


_ u—2b should be deducted from the aver- 
_age holding time as obtained from the 


switch count process, and the net value 


_ should be considered as the best estimate 


are: b/i, 1—(u/i), and (u—b)/i. 


for the average holding time. 

This error also appears as a variable in 
the sampling process, and the true amount 
of error can only be obtained after a suf- 
ficiently large number of samples have 
been observed. Actually, it can be rep- 


tesented by a three valued variable, 


which is observed either as —7 or Oor +7. 
_ Their respective probabilities for instance 
in the constant holding time case, step 2, 
The 


Standard deviation of each variable is: 
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oD = V iu—(u—2b)? 


The standard deviation for the other 
steps can be estimated similarly; for 
instance for step 5 the probability of an 
error —7 is 0, and for +7 is (u—2b)/i: 
thus 0,=V (u—2b)(t—u-+2b). However 
considering the magnitudes of the various 
intervals of Trafficorders, step 2 or its 
“harmonics’’ will be most frequently en- 
countered. 

For the exponential case the probabili- 
ties for —z and +7 are about the same as 
in step 2, except that allowance would 
have to be made for those calls where the 
positive and negative errors cancel out 
each other. Such calls will start at a 
point x between O and u—d, and termi- 
nate between i—x and 7—x-+b, or between 
2i—x and 2i—x+b, etc. later. The 
probability for such call lengths is: 

Pe (Cm em aL) 
(CAO GS ya re 
=e@—9/( 4 e— 0/74 -—e-Y) 


The probability for the errors to cancel 
out each other will thus be: 


feat P,dx /i=(t/ie-/#-1)x 
(1-0 O/ )(et*—1) 


For the computation of the standard de- 
viation this probability should be sub- 
tracted from b/7, as well as from (u—b)/7. 
However, b/t is usually a small fraction, 
on the order of at least 1/20, and (w—b)/t 
is likewise small: thus the above correc- 
tion can be disregarded for most applica- 
tions, the positive and negative errors con- 
sidered as essentially uncorrelated, and 
the standard deviation will be about the 
same as for step 2 in the constant holding 
time case. 

The correct procedure would be now to 
enter the above expressions for the stand- 
ard deviation into Mr. Wilkinson’s equa- 
tions 40 or 42, and use the new values to 
recalculate Table II. However, con- 
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sidering the magnitude of u and 6 for 
Trafficorders, the value for ob is about 
0.23. Since, because of the other sources 
or errors, holding time measurement al- 
ways includes at least several hundred 
samples, the accuracy in the holding time 
will be within 10 milliseconds due to using 
the expectation w—2b for the constant 
error term and neglecting its own fluctua- 
tion in sampling. 

It now remains to verify our theoretical 
considerations by factual evidence. The 
type C Trafficorder, which was used in 
these investigations, has a scanning in- 
terval u of 167 milliseconds and a response 
time b of 25 milliseconds. Therefore we 
may expect that the average holding time, 
as measured by the Trafficorder, will be 
u—2b=117 milliseconds too long. As it 
will be recalled, actual observations on 
working equipment indicated a discrep- 
ancy of about 100 milliseconds. 

For further experimental verification 
the trafficorder was subjected to a series of 
tests, in which it was connected to a source 
of artificial traffic of constant holding 
time. In each test about 1000 holding 
times were measured and varied between 
tests from approximately 0.5 second up to 
15 seconds. Simultaneously, the holding 
times of the same calls were measured to 
the required degree of accuracy by a de- 
lay register. The average difference be- 
tween the holding times obtained by the 
Trafficorder and the delay register, re- 
spectively, 118 milliseconds. The mini- 
mum observed difference was 101 milli- 
seconds and the maximum 140 milli- 
seconds. The standard deviation of the 
average differences of each test was 12.8 
milliseconds while the expected standard 
deviation of the same averages from the 
foregoing formula alone is 7.3 milliseconds 
and 9.0 milliseconds if the errors in meas- 
uring each call as well as end effect errors 
are alsoincluded. The average standard 
deviation derived from subsets of 100 
calls each was 39 milliseconds, while the 
expectation for such subsets, including 
the various sources of errors, is 29 milli- 
seconds. 

To check further the validity of the 
theory, the scanning interval u was re- 
duced to 100 milliseconds; thus a dif- | 
ference of 50 milliseconds was expected. 
From a similar series of tests the average 
difference was 51 milliseconds, 

A series of tests were made, with 1,800 
artificial random calls of exponential dis- 
tribution about an average holding time 
of 3.76 seconds, using again 167 milli- 
seconds scanning interval. The average 
difference was 124 milliseconds compared 
with 117 milliseconds expectation; and 
the standard deviation of the average 
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differences in each test was 10 milli- 
seconds compared with 12 milliseconds 
expectation. 

Finally, the holding times of 340 tele- 
phone calls, subdivided into five lots, 
were found to have a measured average 
holding time of 60.5 seconds. The aver- 
age difference was 96 milliseconds com- 
pared with 117 milliseconds expectation; 
and the standard deviation 26 milli- 
seconds compared with 28 milliseconds 


expectation. This average difference is 
not as close as the previous one, but con- 
sidering the magnitude of the standard 
deviation may still be considered as 
satisfactory. 

Furthermore, the average of each lot 
was consistently higher than the true 
measured average holding time of the 
same lot, suggesting that there is a 
systematic positive error present in con- 
formance with the prediction of thetheory. 
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Investigation of the Selenium Rectifier 


for Contact Protection 
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VOLTAGE surge suppressor is de- 

scribed comprising selenium recti- 

fier cells connected in series (in opposed 

relation) whereby the resulting resistance 

is high at low voltages and low at high 
voltages. 

This combination of rectifiers when 
used for electrical contact protection re- 
sults in an excellent arc suppressing de- 
vice which does not materially affect the 
release time of the shunted electromagnet. 

The history of selenium rectifiers is 
well known and has been published in its 
various aspects in a number of articles.! 
The primary use of selenium rectifiers has 
been in the rectification of alternating 
current for power applications. Among 
the special applications, particularly in 
the telephone field, selenium rectifiers 
have been used as contact protectors. 

_ This paper deals with an application of 
the selenium rectifier for contact protec- 
tion in such a manner as to overcome the 
defect of excessive slow release of shunted 
electromagnets. This is accomplished by 
shunting the electromagnet with a novel 
arrangement of selenium rectifier cells. 
It deals also with the peak voltage de- 
veloped across contacts controlling elec- 
tromagnets when shunted by such a unit, 
with the condition of the contacts after 
many millions of such operations, and 
with the time of release of the electro- 
Magnet after the controlling contacts 
have opened. 
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Need for Contact Protection 


The operation of a modern telephone 
office depends upon the positive operation 
of millions of electrical contacts. ‘A 
10,000-line office may handle an average 
of 50,000 calls daily, which runs the 
number of yearly contact operations into 
the billions. The operation for the bulk 
of the contacts vary from 50,000 to 
15,000,000 annually.’’? 

Contact erosion is the cause of many 
circuit failures in telephone offices and in 
many systems using relays and switches 
for controlling electrical circuits. Erosion 
is due to arcing between a pair of contacts 
and usually results in the loss of material 
from one contact and the distribution of 
the lost material on or adjacent to the 
other contacts. A badly-eroded contact 
often causes snagging and sometimes 
mechanical locking. This results in cir- 
cuit failures which are reflected in higher 
maintenance cost and inferior service. 
The control of contact erosion is a major 
problem for the telephone companies in 
extending contact life. This control of 
erosion is accomplished by the use of a 
suitable contact protector.” 

The criterion of a good spark sup- 
pressor is that it affects the operation of 
the associated circuit to a minimum de- 
gree while giving good protection to the 
controlling contacts at the same time. In 
the case of contacts controlling electro- 
magnets, the spark suppressing device 
should have little effect on the release 
time of the controlled electromagnet and 
should extend the dependable life of the 
contact many times at the lowest pos- 
sible cost. The suppressor circuit com- 
ponents should be dependable and free 
from attention over extended periods. 

At the same time, ease of replacement 
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and low cost also are important factors. 

At present, the most generally ac- 
cepted method of contact protection is 
the use of a suitable capacitor and re- 
sistor in series, this combination being 
either in parallel with the coil or the con- 
tacts. However, their initial cost and 
installation make their extensive use pro- 
hibitive and such protection is provided 
only for critical cases. The modern trend 
is toward the development of an inex- 
pensive protector of small size that may be 
used extensively. The nearest approach 
to this now is being carried out in Sweden 
where the Telephone Administration is 
going “all out’ for complete contact 
protection. 


Methods of Using Selenium 
Rectifiers for Contact Protection 


The conventional method of using the 
selenium rectifier as a spark suppressor is 
shown in Figure 1. When contact ‘‘A’’ 
is closed, there will be little current flow- 
ing through the rectifier due to its high 
reverse resistance. When contact ‘‘A”’ is 
opened, the induced electromotive force 
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Figure 1. Conventional method of using the 
selenium rectifier as a spark suppressor 
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Figure 2. Method of improving the release 
time by adding rectifier number two 
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will maintain the current flow through the 
coil in the same direction, and the open 
contact will be shunted by the low for- 
ward resistance of the rectifier. This low 
resistance shunt will eliminate arcing at 
the contact but has the effect of prolong- 
ing the release time of the electromagnet. 
After contact ‘‘A’’ opens, and assuming 
that arcing does not occur, it is known 
that the time for the current in the coil to 
fall to a percentage of its initial value is 
given by the following equation: 

t 


L loge = 
Reap oar 


t=— 


where 


Rr=coil resistance 

r=forward resistance of rectifier 

L=coil inductance 

t=time for current to fall toz 

J=steady state current through the coil 
(neglecting the small current through 
the reverse resistance of the rectifier) 

7=current at time ¢ 


The voltage, V, induced on opening the 
contact is given by: 
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Figure 3 (left). Method of determining volt- 
age at relay contacts 


Figure 4 (above). Voltage at unprotected 
relay contacts controlling a clutch magnet 


; Ltr 
V=-LE=(Ritnle 2 


The maximum value of V occurs at the 
instant the contact opens, or when ¢=0 
and is given by the following equation: 


Vmax =/(Ri+r)=E+Ir 


where E = supply voltage as shown in 
Figure 1. 

The increase of the voltage across the 
contact is directly proportional to the 
rectifier resistance. An increase in recti- 
fier resistance will reduce the release time 
but will increase arcing. 

This conflict between are suppression 
and required release time may be re- 
solved by the introduction of a voltage 
dependent resistance. If the resistance 
is low at high voltage, arcing will be 
eliminated; if the resistance is high at low 
voltage, improved release time will re- 
sult. Such an element is obtained when 
rectifier number two is added to the cir- 
cuit as shown in Figure 2. 

It may be seen from Figure 2, that 


Table |. Peak Voltages and Release Times for Electromagnets with Different Types of Contact 
Protection 


Telephone Clutch Magnet* 


Telephone Relay** 


Peak Peak 
Voltage Voltage 
eecree x Release at 
; ime, ontact, Figure Time. Contact, Fi 
Contact Protection Milliseconds Volts ; Number Milliseconds Volts : Wamees 
(3) 9/s2” diameter cells (Fig. 1)......... MEO eee SSO. tev teceesieneuts 55.0... 57 8 
(2) 9/2" diameter cells (Fig.2)......... ie eee TSOSEROC: pease Meret 1210. 50pm Mee 7 
(3) 1” square cells (Fig. 2)............ Trace 199 nen er ee eRe 10:00. aeeeT6Oe tk 
Silicon-carbide varistor ..........-.... {cee D106 Ri eee dors, ae 140 u 
0.5 microfarad-++510 ohms... ..65.000cceceeascscs STC ce on ieee canis 10206 .aee 160 hes. 9 
0.1 microfarad +510 ohms........--..--...2.. arias A ee ae 7.9: Seemed eae 10 
Muprotectedcccaen saemieersisio ssereia e's ore TOR canes 400 talss a. Beetle /nieinie's OG. a eee 450 tateen G5 
900 750 


*L =0.485 henry 
R=164 ohms 
1=0.293 ampere 


1920 


**L =3.45 henrys 
R=1,650 ohms 
1=0.029 ampere 


“ 
i ‘ 
when contact “A’’ is closed, rectifi¢ 
number one blocks the current flow frot 
battery ‘“E’”’ and forces practically all 0 
the current through the electromagnet 
When contact “A’’ is opened, the seli 
induction of the electromagnet causes ‘ 
reversal of current flow through the rec 
fiers, and rectifier number two blocks 
current flow resulting from the céllapsin 
field of the electromagnet. However, th 
reverse resistance of rectifier number tw 
is greatly reduced as the voltage rises an 
the peak voltage at the open contact doe 
not rise to the ionizing potential. 


Observation of Arcing at Relay 
Contacts and Methods of Arc 
Suppression 


The voltage at the contact versus th 
time of collapse of the magnetic field we 
observed oscillographically by means ¢ 
the circuit shown in Figure 3. Th 
transient was photographed with an 
without contact protection using indu 
tive loads typical of those existing 1 
telephone central offices. Peak voltag 
and release times are tabulated in Tab: 
di: 

Sparking at an unprotected relay cot 
tact controlling a clutch magnet may ft 
seen in Figure 4. The horizontal line i1 
dicates closed contacts. The steep ve 
tical rise occurs at the instant the co! 
tacts separate. It may be noted that tl 
voltage rises almost instantly to a valt 
of 300 volts at which value sparkir 
starts. The gradual upward sloping lit 
indicates the duration of the glow. TI 
sharp vertical rise at the end of this spar! 
ing line indicates the instant at whic 
the glow extinguishes due to the increase 
separation of the contacts. From th 
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Figure 5. Voltage at unprotected relay co 
tacts controlling a telephone relay 
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‘igure 6. Voltage at rectifier-protected relay 
sontacts controlling a clutch magnet. _ (Pro- 
tection as shown in Figure 2) 
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‘igure 7. Voltage at rectifier-protected con- 
acts controlling a telephone relay. (Protec- 
tion as shown in Figure 2) 


yeak value, the voltage falls exponentially 
o the supply potential. 

Figure 5 shows the curve for contacts 
ontrolling a telephone relay and is 
imilar to Figure 4 with the exception that 
here is less stored energy in the relay as 
epresented by the shorter duration of the 
low. 

The selenium rectifiers used for protec- 
ion of relay contacts are basically com- 
yinations of 9/32-inch diameter cells. 
[The arrangement used consists of two 
sroups of two cells connected in opposition 
is shown in Figure 2. Therefore, the re- 
yerse resistance of two cells is in series 
vith the forward resistance of the other 
wo cells. The voltage at the contact 


versus the time of collapse of the mag- 
1etic field is shown in Figure 6 for the 
lutch magnet, and in Figure 7 for the 
elephone relay. 

The effect of the spark suppressor unit 
yn voltage is to limit the peak voltage to 
ipproximately 180 volts in the case of the 
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‘igure 8. Voltage at rectifier-protected con- 


acts controlling a telephone relay. (Protec- 
tion as shown in Figure 1) 
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clutch magnet, and to 150 volts for the 
telephone relay. 

Figure 8 shows the results obtained with 
three 9/32-inch diameter cells connected 
across the load, as shown in Figure 1. 
The voltage rise is limited to approxi- 
mately 60 volts with the telephone relay, 
but the release time is extended six times. 

The results obtained by using resistor- 
capacitor spark suppressor units may be 
seen in Figure 9 and Figure 10. When 
capacitors are used, it is necessary to pro- 
vide a suitable series resistance to limit 
the charge and discharge currents that 
occur during the switching operations. 
Otherwise, contact burning can occur on 
initial closure and on immediate reclosure 
that might result from contact bounce. 
This is not a problem where selenium 
rectifiers or silicon carbide varistors are 
used because they offer very high resist- 
ance to current flow at voltages of 50 
volts or less. On closure the contacts are 
firmly engaged before the current can 
build up through the coil to the steady 
state value. 

The effect on the voltage at the contact 
when a silicon-carbide varistor is used 
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Figure 9. Woltage at resistor-capacitor pro- 
tected contacts controlling a telephone relay. 
(510 ohms and 0.5 microfarad) 


may be seen in Figure 11. Silicon-carbide 
varistor protection gives rise to a transient 
of a type similar to that shown in Figures 
6 and 7 which are for selenium rectifier 
protection. 


Reverse Resistance Characteristics 
of Selenium Rectifiers 


The reverse resistance versus voltage 
characteristic of the 9/32-inch diameter 
cells is of considerable interest, particu- 
larly at voltages that exceed the direct 
current rating of the cells. In order to 
simulate load conditions, the rectifiers 
were stressed with a voltage lasting 8 
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Figure 10. Voltage at resistor-capacitor pro- 
tected contacts controlling a telephone relay. 
(510 ohms and 0.1 microfarad) 


milliseconds. A circuit such as shown in 
Figure 12 is convenient for such measure- 
ments. The time constant may be ad- 
justed for the desired duration of the 
voltage. 

Relays and clutch magnets typical of 
the inductive loads found in telephone 
central offices were operated with com- 
binations of back-to-back selenium recti- 
fiers as spark suppressors. Life tests were 
conducted in order to determine the effect 
on the electrical characteristics of the 
rectifiers, and to evaluate the degree of 
protection afforded the contacts. Figure 
13 shows life test operating conditions. 

Figure 14 illustrates a family of these 
reverse resistance-voltage characteristics. 
For voltages greater than 50 volts, read- 
ings were taken with an oscilloscope with 
voltage applied for approximately eight 
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protected contacts controlling a telephone 
relay 
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Figure 12. Method of obtaining reverse 
resistance versus voltage characteristic of 
selenium rectifiers 


milliseconds. For voltages lower than 50 
volts, the voltage was applied long enough 
to read a moving coil instrument. 

The reverse resistance versus voltage 
characteristics for typical two-cell units, 
shown in Figure 13, were measured ac- 
cording to Figure 12 and the results 
plotted in Figure 14. Curves A and B are 
typical for unaged 2-cell units of 9/32- 
inch diameter. Curve A corresponds to 
the characteristic for rectifier number one 
and curve B for rectifier number two. 
Reference to Figure 13 shows that recti- 
fier number one normally blocks the 
supply voltage. 

Curves C, D, and E represent the 
characteristics for 2-cell units of this 
type after 50,000,000 operations over a 
period of six months. Curve C represents 
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Figure 13. Circuit for life testing spark sup- 
pression units and contacts 
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the typical decrease of reverse resistance 
with aging which is a well known charac- 
teristic of selenium rectifiers. 

Curve E represents the characteristic of 
rectifier number two with a clutch magnet 
as the load as shown in Figure 13. The 
resistance drops at a slower rate. The 
effect of this is to decrease the release time 
of the load magnet, but the peak voltage 
at the contacts rises correspondingly. 
However, this does not materially affect 
the unit as a spark suppressor. The peak 
voltage is still held well below 200 volts. 

Curve D shows a similar effect as curve 
E but to a lesser degree due to a relay load 
instead of a clutch magnet. 

The increase in reverse resistance de- 
scribed above in curves D and E is re- 
lated to the forming process. Higher 
reverse voltages have the effect of raising 
the back resistance, and prevent the 
rectifiers from deteriorating as they some- 
times do when the current flows in one 
direction only. 

Curve G is the characteristic for a 
silicon-carbide varistor. This varistor is 
one chosen as being suitable for contact 
protection with telephone relays, and is 
shown for direct comparison with the 
rectifier combination. It should be noted 
that for voltages greater than 50 volts, 
the change of resistance is less than for 
the rectifier combination. It should also 
be noted that the silicon-carbide varistor 
has a lower resistance at 50 volts which 
means greater current drain and increased 
power dissipation. The fact that the 
silicon-carbide characteristic is concave 
upwards as opposed to the rectifier com- 
bination is obviously less desirable from 
the point of view of maintaining favorable 


release times consistent with good spark 
protection. 


Mechanism of Rectifier Breakdown 


Rectifier breakdown, that is the tend. 
ency for the forward and reverse resist 
ance to equalize, is always associated with 
excessive temperature. If the high volt; 
age stress is not applied long enough fot 
the temperature to rise excessively, anc 
the duty cycle is not excessive, the recti 
fier will not be injured. The maximum 
period for which the rectifier can stand at 
excessive electrical stress is dependent 
upon the effective heat capacity of the 
cell and the ambient temperature. Thi 
period must be determined empirically 
for the particular application, since effort 
to generalize these relationships have no’ 
been successful. 


Photomicrographs of Relay Contact: 
After Life Test 


Reference to Figure 13 will show th« 
circuit conditions under which the con 
tacts shown in the photomicrographs wer 
operated. The contact metal is 99 pe 
cent palladium. The physical dimension’ 
of the contact are shown in Figure 15. 

The contacts shown in Figure 1 


#o CONTACT METAL (PALLADIUM 


Figure 15. Structure of relay contact 
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Figure 16 (a and b). 


(a and b) were unprotected with the 
clutch magnet as a load. After 1,300,000 
operations, the back contact had eroded 
through to the relay spring. In this case 
the armature ‘‘a’’ was positive with re- 
spect to the back contact ‘‘b’’, and the 
transfer of metal was from negative to 
positive. Figure 16 (c to h) show rectifier- 
protected contacts that were operated 
with the clutch magnet and the telephone 
relay respectively as loads. The total 
number of operations was 50,000,000. 
The improvement over the unprotected 
case is of the order of 100-to-1. It is in- 
teresting to observe that the back contact 
and armature contact are eroded to the 
same extent. The transfer of metal from 
one contact to the other is not in evidence, 
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Unprotected contacts after 1,300,000 operations. 
load.) (c and d) rectifier-protected contacts after 50,000,000 operations. 
load.) (e and f) mechanical wear of contacts after 50,000,000 operations (no current). 

h) rectifier-protected contacts after 50,000,000 operations. 


(Clutch magnet as 
(Clutch magnet as 
(g and 


(Telephone relay as load) 


In order to judge how much of the ero- 
sion is due to mechanical wear alone, see 
contacts ‘“‘e’’ and “‘f’’ in Figure 16. These 
contacts were operated 50,000,000 times 


but interrupted no current. 


Dimensions and Mountings 


For applications where 50-volt d-c 
power supplies are used, and the loads are 
of the same order as discussed above, the 
9/32-inch cells are satisfactory. Their 
small size and light weight enable them to 
be mounted directly across coil terminals. 
Drillings and mountings are not required 
because the lead out wires are sufficiently 
strong to support the unit. They may be 
mounted in the samme manner as the 
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Figure 17. Physical dimensions of rectifier 
contact protector 


familiar radio type resistor. The physical 
dimensions may be seen in Figure 17. 
The weight is approximately 0.09 ounce 
(2.6 grams). 


Conclusions 


Contact erosion in the sense that metal 
is lost from one contact and deposited on 
the mating contact seems to be elimi- 
nated. ‘This is important from the stand- 
point of reducing snagging. When con- 
tacts retain their original shape, minimum 
readjustment is necessary. 

Satisfactory release time or rate of de- 
cay of current is obtained by the addition 
of rectifier number two as shown in Figure 
2. The rectifier combination compares 
very favorably with other known methods 
of contact protection with respect to peak 
voltage and timing characteristics. 

Selenium rectifiers are inexpensive and 
are known to have an almost indefinite 
life. The contact protection units are 
simple to mount and, furthermore, it is 
not necessary to observe polarity when 
wiring. This, together with their depend- 
ability over extended periods without 
attention, makes them most desirable cir- 
cuit elements. 

Power consumption is small when it is 
desired to connect the unit in parallel with 
the contacts to be protected. 

The use of. selenium rectifiers as volt- 
age surge suppressors is not limited to 
telephone applications. Cells ranging in 
area from a quarter of a square inch to 
thirty square inches may be arranged in 
series-parallel combinations as the ap- 
plication warrants. 
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Clean-Up of Helium Gas in an Arc 
Discharge 


M. J. REDDAN 


NONMEMBER AIEE 


AS clean-up, or the gradual disap- 

pearance of the filler gas in an 
electrical discharge, has been observed by 
many investigators. From a paper by E. 
Pietsch! published in 1936 and listing 169 
references we can draw some interesting 
conclusions regarding work performed be- 
fore that date. In evaluating the data, 
several facts should be recalled: most of 
the articles were published before the 
announcement of Langmuir’s probe 
theory; most of the work was carried out 
in chemically active gases; and finally, 
much of the work was performed with 
poor vacuum techniques. Nevertheless, 
several areas of agreement may be noted: 
1. It was generally agreed that cathode 
sputtering strongly influences clean-up. 
In many cases clean-up and the onset of 


sputtering were found to appear at the same 
critical potential. 


2. Practically no absorption into the anode 
was observed. 


3. Noble gases are absorbed far less readily 
than are molecular gases. 


4. Gas absorption was sometimes ex- 
plained by recourse to the supposition that 
various unstable chemical compounds were 
formed. Even “‘helides”’ were reported. 


5. Absorption into the envelope of the dis- 
charge tube was reported, and it was fre- 
quently claimed that the amount absorbed 
was not dependent on the type of gas, wall 
material, or wall potential. 

Since this earlier work was done under a 
wide range of experimental conditions, the 
failure to deduce from it any consistent 
explanation of gas absorption is not sur- 
prising. 

About 1936, a great deal of information 
was contained in a series of papers pub- 
lished in Germany by Alterthum, Lompe, 
and Seeliger.23 Their work was sim- 
plified by being restricted to the noble 
gases. They worked with an a-c glow 
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G. F. ROUSE , 


NONMEMBER AIEE 


discharge in cylindrical glass tubes in 
which the electrodes were open-ended 
sheet iron cylinders. The use of open 
cylindrical electrodes gives the advantage 
of almost constant cathode fall over a 
wide range of currents and pressures. A 
summary of their results is of considerable 
interest. 

They found the following facts for neon 
gas: 
1. Over a pressure range from a few tenths 
of a millimeter to about 3 millimeters, the 
absorption rate is independent of the pres- 


sure; however, at higher pressures the rate 
falls off. 


2. The absorption rate is proportional to 
the discharge current. 


3. At the current employed (100 milli- 
amperes) the rate is independent of the 
shape and size of the discharge tube. 


4, The absorption rate is not influenced 
even by excessive sputtering. 


By conducting separate experiments 
with a d-c glow discharge, it was found 
that absorption was taking place in the 
cathode. Recovery of about 30 per cent 
of the trapped gas was accomplished 
by inductively heating the cathode. An 
important observation was that by creat- 
ing a high cathode fall either through 
operation at low pressures (below 0.2 
millimeter), or through the ise of closed- 
end electrodes, the absorption rate was in- 
creased by a factor of four. This leads to 
the attractive explanation that absorption 
results from the fact that ions are driven 
into the cathode under the accelerating 
field of the cathode fall. A direct estimate 
of the dependence of such clean-up on ion 
energy cannot, however, be obtained from 
these data for the following reasons: 


1. The energy of the ions cannot be deter- 
mined since multiple collisions take place in 
the cathode-fall region. 
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2. The proportion of current at the cathode 
carried by ions must be known in order to 
determine the number of ions striking. 


It now is generally thought that clean- | 


up can result from the bombardment of 
negatively charged electrodes by ions 


present in the discharge. Tube engineers ~ 


have long been aware of the importance of 
this clean-up problem and have developed 
methods for minimizing its effects. For 
example, D. V. Edwards and E. K. 
Smith‘ described a method of minimizing 
clean-up by the use of “‘cushioning”’ cir- 
cuits which permit deionization to occur 
while the inverse anode voltage is low. 
D. E. Marshall and C. L. Shackelford in a 
recent paper® discussed the influence of 
the commutation factor rating on the de- 
sign of such ‘“‘cushioning”’ or ‘‘snubbing”’ 
circuits. Also, A. W. Coolidge, Jr., has 
described® a line of thyratrons in which 
close spacing of the electrodes permits a 
high filling pressure, and a well-shielded 
anode exposes a minimum area to ion 
bombardment during inverse voltage 
conditions. 


Description of Experimental 
Apparatus and Methods 


Experimental equipment was designed 
to obtain data on controlled clean-up 
which results from the bombardment of a 
tantalum surface by positive helium ions. 
Since there was reason to believe that 
other important clean-up effects would be 
present, it was necessary to carry out the 
experiment in a manner which made the 
required correction possible. 

The problem of obtaining pure gas re- 
ceived particular attention. Spectro- 


Paper 51-353, recommended by the AIEE Elec- 
tronics Committee and approved by the AIEE 
Technical’ Program Committee for presentation at 
the AIEE Fall General Meeting, Cleveland, Ohio, 
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June 19, 1950; made available for printing Septem- 
ber 5, 1951. ’ 


M. J. Reppan and G. F. Rous are with the Na- 
tional Bureau of Standards, Washington, D. C. 


This is an interim report on the gas clean-up 
Program initiated at the National Bureau of Stand- 
ards by Dr. J. E. White, to whom the authors ex- 
Press appreciation for many valuable discussions 
and suggestions. The primary object of these 
studies is the discovery of information on gas clean- 
up which will be of value to tube designers. 
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scopically pure gas was obtained from 
commercial sources. To attain even 
greater purity, a gettering device was em- 
ployed during the initial work. This con- 
sisted of strands of zirconium and tan- 
talum wire which were heated in the pres- 
ence of the gas to remove from the gas 
any minute traces of non-noble gases, 
It was subsequently discovered that the 
very small amounts of impurity present 
in the unopened flask of pure gas were not 
sufficient to affect the experimental re- 
sults. In later work, a check on the gas 
purity was achieved by sealing off small 
samples for mass-spectrometer analysis. 
This was supplemented by a continuous 
visual observation of the are spectrum in 
a spectroscope. 

To assure that the original purity was 
maintained during admission of filling gas 
to the tube, several schemes were tried. 
A device for introducing gas which avoids 
entirely the use of stopcocks was finally 
developed. A detailed view of this is 
shown in Figure 1. When this device is 
first attached to the vacuum system, the 
seal-off constriction is open, the gas flask 
is unopened and the mercury shown at the 
right of the fritted disks is still in the dis- 
tillation flask. All parts of the structure, 
other than the distilling flask, can then be 
thoroughly outgassed by baking at about 
425 degrees centigrade. When the baking 
is completed, mercury is distilled over 
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Figure 1 (left). 


slowly until the right fritted disk is com- 
pletely covered. The seal-off constriction 
directly above the fritted disks is then 
closed, the mercury flask is sealed off the 
system and the gas flask is opened. Gas 
now can be admitted to the system by 
raising the float and uncovering a small 
portion of the fritted disk. In order to 
maintain the purity of the gas when it be- 


Gas discharge tube containing a 
wire probe 


Figure 3. 
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Apparatus for admitting gas to vacuum system 


Block diagram of experimental system 


comes necessary to admit air to the 
vacuum system, the mercury column at 
the extreme left of the figure is raised to 
cover the fritted disk on the left. 

A block diagram of the vacuum system 
employed is shown in Figure 2. No stop- 
cocks were used in that portion of the 
system in which clean-up takes place. 
Instead, barometrically operated cut-offs 
were employed. 

Data have been obtained on discharge 
tubes of two types, the essential difference 
between them being in the design of the 
probe structure. The features of the 
cathode and anode structures common to 
both types are shown in Figure 3. The 
oxide cathode, a commercial one having 
a nickel mesh base, has an area of ap- 
proximately 30 square centimeters. The 
hollow cylindrical anode is made of grade 
A nickel. Figure 3 also pictures one type 
of probe structure the details of which are 
shown in Figure 4. 

In this structure the probe is a tan- 
talum wire, 0.010 inch diameter, mounted 
so that current can be passed through it 
for purposes of outgassing. Its tension is 
maintained by a tantalum-tungsten alloy 
ribbon-type spring (0.002 inch by 0.150 
inch). The action of this spring, in con- 
junction with the centering action of the 
molybdenum spacers, maintains an ac- 
curate positioning of the wire. Even at 
temperatures in excess of 2,000 degrees 
centigrade, the positioning is satisfactory. 
The nickel shields allow only a chosen 
fraction of:the probe wire to be exposed to 
the discharge plasma. The cylindrical 
openings in the ends of the shields through 
which the probe wire passes are 0.050 
inch in diameter and 0.150 inch long. 
The opening between the wire and the 
shield is thus so small as to reduce to a 
negligible amount the migration of ions 
toward shielded parts of the probe. The 
shields are readily outgassed by inductive 
heating. 
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The other type of probe structure is 
shown in Figure 5. The probe is an open 
ended cylinder made of 0.005 inch tan- 
talum. Its diameter is 1.55 inches and its 
length 1.55 inches. By means of a mag- 
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netically controlled mechanism, not 
shown in the illustration, the probe 
cylinder can be placed in either of the two 
positions indicated in the figure. In the 
lower (#2) position the cylinder rests on 
tungsten wire supports through which 
electrical connection is made. The clear- 
ance between the probe cylinder and the 
wall of the glass envelope is small enough 
(approximately 1 millimeter) to prevent 
migration of ions behind the probe. 
When the probe is in the #1 position it can 
be heated to a very high temperature 
without endangering the glass envelope. 

Excessive heating of the probe wire or 
the probe cylinder by ion bombardment 
was avoided by applying negative pulses 
of about 10-milliseconds duration with a 
repetition rate of ten per second. 

The calculation of the number of dis- 
appearing helium atoms is based on 
measurements of a pressure drop occur- 
ring in the known volume of the system. 
This volume is determined by observing 
pressure drops which occur when the 
system is opened to an accurately-cali- 
brated standard volume. 


Associated Sources of Gas 
Disappearance 


In an experimental study of the condi- 
tions governing clean-up into a probe, it 
would naturally be desirable to eliminate 
all other sources of clean-up. Since their 
complete elimination was not possible, 
these effects were reduced in magnitude 
and proper allowance made for them: 


Leakage Through the Tube Wall 


It was realized that a loss of gas might 
occur which would be completely inde- 
pendent of the presence of a discharge in 
the tube. Neutral atoms of gas having 
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i) 
Clean-up into the Cathode 
Of the various associated effects which 
must be considered, clean-up of gas into 
the cathode is perhaps the most impor- 
tant. One fact which has been definitely 
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Figure 4. Detailed sketch of wire probe 
structure 


only thermal energy might diffuse into or 
through the glass wall of the tube. Data 
exist’ which make it possible to calculate 
the drop in pressure to be expected as a 
result of helium diffusion through the 
Pyrex envelope. Assuming the envelope 
temperature to be 250 degrees centigrade, 
and the helium pressure as 0.2 millimeter 
mercury the calculated pressure drop in a 
system having an approximate volume of 
2.0 liters is 6 X 10~* micron per hour. A 
simple test was made to check this con- 
clusion. A Pyrex glass bulb having a wall 
area approximately equal to that of the 
experimental tube was evacuated and 
thoroughly degassed, after which it was 
filled with helium to a pressure of about 


ANODE - NICKEL 
CYLINDER, 2"LONG, 
%" DIAMETER, 
0.005" WALL 


0.2 millimeter. Heating the bulb to 350 
degrees centigrade for 22 hours resulted 
in a negligible change in pressure. 


Clean-up into the Anode or Shields 


Since the anode acquires the highest 
positive potential in the tube, clean-up of 
positive ions into it is not to be expected. 
This has been confirmed repeatedly by a 
thorough inductive heating. The nickel 
shields in the wire-type probe structure 
are operated at a potential which assures 
that current to the shields is almost en- 
tirely due to electrons. 
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established is that clean-up into the 
cathode is dependent upon are drop. 
Actually, a more exact description would 
be to say that the effect is dependent upon 
cathode fall, but since the latter was not 
measured directly, a description in term 
of are drop must suffice. Ina tube having 
a cathode of high quality, the gas pressure 
can be controlled so as to maintain the 
arc drop at a value for which the self 
clean-up rate is approximately 107? 
micron per minute. Anything which 
causes the are drop to rise, as for instance 
too great a drop in pressure or poisoning 
of the cathode, causes an increase in the 
self clean-up rate. For example, it was 
deduced from a series of observations 
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Figure 6. Data illustrating a case of abnormal 
cathode clean-up 


that on an average an increase of 13 volts 


_ in arc drop increases the self clean-up rate 


by a factor of approximately 100. 
The effect of increased arc drop on self 
clean-up is strikingly illustrated by data 


| taken on a tube in which the cathode had 
low emission and which operated with an 
are drop about 15 volts higher than that in 
a similar tube having a good cathode. 
These data are plotted in Figure 6. Dur- 
ing the initial run, to which curve | ap- 
plies, the pressure dropped from 158 
microns to 50 microns. Since it was 
thought best not to operate the tube at a 


_ pressure below 50 microns, fresh gas was 


added. The data from which curve 2 was 


plotted were then taken. This procedure 


was repeated a total of seven times. It is 
interesting to note that the total gas ab- 
sorbed in about 22 hours is approximately 


| equivalent to that in a liter flask at 600 
microns pressure. It also is interesting to 
note that there is little indication that the 
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process was approaching saturation. The 
initial rise which appears in some of the 
curves is accounted for by an increase in 
tube temperature. 

The self clean-up rates just mentioned 
contrast markedly with the almost com- 
plete lack of clean-up exhibited by many 
commercial tubes which operate with a 

“much lower are drop and which do not 
contain helium gas. 


Clean-up into a Sputtered Deposit 


~ Comments made in the introduction to 


this paper emphasize that a wide diver- 


a 


ence of opinion exists astotherole played 
sputtering in gas clean-up. Under 
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certain conditions a certain amount of 
sputtering has been unavoidable. In the 
case of the wire probe the glass surfaces 
adjacent to the probe structure showed 
no visible evidence of a sputtered layer. 
However, in the case of the cylindrical 
probe a band of sputtered material ap- 
peared on the glass near each end of the 
probe after several hours operation at 
negative probe voltages in the range of 
400 to 600 volts. Some data on the ef- 
fects produced by these sputtered bands 
will appear in the section dealing with re- 
covery of gas. 


Determination of Probe Clean-up 


The first step in a determination of 
probe clean-up was to clean and degas the 
tantalum probe thoroughly. This was 
accomplished by maintaining its tempera- 
ture at approximately 2,000 degrees 
centigrade for several minutes in a 
vacuum of about 10° millimeters of 
mercury. Following this the tube was 
filled with helium to a desired pressure. 

Since all the associated clean-up ef- 
fects discussed in the previous section may 
be unavoidably present during operation 
of the tube, some method of correcting for 
them was necessary. A correction factor 
was determined by observing the rate of 
clean-up when the conditions of operation 
limited the ion probe current to a neg- 
ligible value. This rate of clean-up will 
be referred to as self clean-up. Probe 
clean-up always occurred at a rate at 
least ten times as great as that for self 
clean-up. Therefore errors existing in 
measured values of self clean-up did not 
have an unduly large effect upon the cor- 
rected values of probe clean-up. 
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The tube was then operated with a 
pulsed negative potential on the probe, 
that is, with an ion current to the probe, 
and the new rate of clean-up was estab- 
lished. In most instances this was fol- 
lowed by a recheck of the self clean-up 
rate. Net clean-up into the probe was 
then obtained by making the proper cer- 
rection for self clean-up. 

The quantity of gas disappearing was 
calculated from pressure readings which 
were recorded at the beginning and end 
of a test when all parts of the tube were at 
room temperature. 


It is of great practical interest to know 
what fraction of the ions which strike the 
probe surface at a given voltage are 
trapped. This.information is plotted in 
Figures 7 and 8. The numerator of the 
ratio plotted as ordinate was derived 
from the net pressure change due to probe 
clean-up, while the denominator was de- 
rived from conversion of values of peak 
probe current to fundamental charge 
units. The latter calculation does not 
take into account that part of the probe 
current due to electrons ejected from the 
probe byionimpact. Direct experimental 
data which might be used to correct the 
probe current for this effect are not avail- 
able. An indication of the probable 
magnitude of the correction might be ob- 
tained by using data for impact of helium 
ions on molybdenum.®? However, from 
an application view-point, the data are 
probably of greater interest in the form 
presented. 


Although the points plotted in Figure 7 
may appear to be randomly distributed 
over the voltage range, it is possible to 
attach significance to the position of each 
point. This may be done by selecting as a 
parameter the ratio, R, of ionic mean free 
path to sheath thickness around the probe 
wire. The first of these can be calculated 
by means of simple kinetic theory for- 
mulas and the sheath thickness is ob- 
tained by use of the appropriate space 
charge formula. The fraction of positive 
ions which pass through the sheath with- 
out collision is given by e7'/". Average 
values for this fraction, expressed in per 
cent, appear in Figures 7 and 8 adjacent 
to the plotted points. 

In the case of the wire probe (Figure 7) 
the percentage values vary from about 
40 to 85 per cent. Dash lines have been 
drawn to suggest groupings of the points. 
It becomes evident from a study of Figure 
7 that the number of ions cleaned up is a 
strong function of probe voltage. How- 
ever, it also is evident that this number is 
dependent upon other factors which de- 
termine the fraction of ions passing 
through the sheath without collision. 
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In the case of the cylindrical probe 
(Figure 8) the percentage values vary 
from about 4 to 40 per cent. It will be 
observed that the number of ions cleaned 
up depends upon voltage in a manner 
quite similar to that shown in Figure 7. A 
striking feature of these data is that the 
clean-up rate is essentially the same for 
both probes even though the number of 
ions reaching the cylindrical probe without 
suffering collision in the sheath is rela- 
tively very small. 


Recovery of Cleaned-up Gas 


The fact that a clean-up of gas is as- 
sociated with the flow of positive ions to a 
negatively charged metal surface has 
been definitely established. Although 
this effect is well supported by experi- 
mental data, it was considered worth- 
while to attempt a reversal of the clean-up 
process and in this way obtain evidence 
that gas trapped in the probes is primarily 
responsible for a pressure decrease. 


RECOVERY IN THE TUBE HAVING A 
WIRE PROBE 


The wire was heated by Joule heat to 
2,000 degrees centigrade. In four recent 
tubes this has yielded percentages of re- 
covery ranging from 5 to 22 per cent of 
the net probe clean-up. 

Recovery from the cathode has been 


THE NUMBER BESIDE A POINT IS THE 
3 PERCENT OF IONS PASSING THROUGH THE SHEAT! 
WITHOUT COLLISION 


accomplished by glowing the cathode at 
its normal operating temperature of 825 
degrees centigrade with the tube dark. 
This procedure has recovered from 11 to 
54 per cent of the gas disappearing during 
self clean-up. 

The probe shields and the anode were 
outgassed by inductive heating to about 
800 degrees centigrade. No significant 
amounts of gas were recovered in this 
way. 

Finally, the tube envelopes were oven- 
baked at about 400 degrees centigrade. 
Various amounts of gas were recovered, 
ranging from 8 to 31 per cent of the total 
amount of gas disappearing due to all 
sources of clean-up. 


RECOVERY IN THE TUBE HAVING A 
CYLINDRICAL PROBE 


Degassing of the probe cylinder by in- 
ductive heating (position #1) was carried 
out after each clean-up run, While the 
tube was relatively new and free from any 
sputtered desposit, degassing the cylinder 
accounted for 70 per cent or more of the 
cleaned-up gas. As the sputtered bands 
near the ends of the probe cylinder be- 
came increasingly opaque percentage re- 
covery from the probe declined, 

Following each of the last four runs re- 
corded, the sputtered region of the en- 
velope was baked for several hours at 350 
degrees centigrade. In these cases total 


i) 
recovery was still about 70 per cent but 
approximately half of the recovery re- 
sulted from baking the sputtered area. 
The four values of the clean-up ratio in- 
dicated by triangles in Figure 8 are based 
on total observed clean-up. Those values 
indicated by squares are based on gas re- 
covered from the probe. 


er 


Conclusion 


The fact that only a small proportion of 
the cleaned up gas could be recovered 
from the wire probe has no satisfactory 
explanation. A means of freeing any 
helium not already driven off by heating 
was to disintegrate the wire completely, 
Consequently a probe wire was sputtered 
away completely in a mercury vapor dis: 
charge, the sputtered material passing 
over to the wall of the tube. A directly 
observable result was a pressure increase 
of one micron, Assuming that the gas 
which disappears during a probe clean-uf 
is held in the wire, the 1-micron increase 
in pressure is only a small fraction of that 
which might have been expected. 

It has been assumed in the preceding 
work that clean-up occurs only during the 
initial impact of an ion with the surface 
However, in view of the significant 
amounts of gas recoverable from the area 
of the tube wall on which metal is sput: 
tered, it may be that rebounding atoms 
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Figure 7. Dependence of clean-up upon the number and energy of 
impacting ions: wire probe 
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Figure 8. Dependence of clean- -up upon the number and energy F 
impacting ions: cylindrical probe | 
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play animportant role. It is conceivable 
eet some of the impacting ions are re- 
flected as neutral atoms which in turn are 
trapped as they strike some nearby sur- 
face, An effort will be made to check this 
possibility in future work, 
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Basis for Dielectric Tests 


for 


Rectifier Equipment 


C, C, HERSKIND 


FELLOW AlEl ? 


Hi POOL — eathode 


power converter has developed pro 


Mercury are 


vressively through several different types, 
heginning with multianode glass tubes 
and pimped metal tanks and continuing 
io the single anode metal tanks and tubes, 
‘The 
taken a 


aueli as the ignitvon and exeitron, 


alructural arrangement hag 
variety of forma, ranging from the field 
unit to a factory-built as 
sembly, The mounting and construction 
of the atditiaries also has varied widely in 
auoh wounded or insulated 
heat exchangers and frame or separately 


mounted auxiliary devices, 


assembled 


ilemAa ap 


The advent 
of the single anode tank or tube has in 
creased (he variety of cireutts and equip 
ment arrangements whieh may be 
ployed, 


eny 
Recent applications using the 
double-way elreuit do not the 
veotifier transformer ag a the 
veotitier wail, 

Vhia variety of tube typea and equip 
ment arrangement of the veetifier units, 
logether with the growing application of 
phage control, necessitated a drastic re 
viaion of the rules for determining di. 
electric teat voltages, 


inelide 
part of 


The teat code, set 
forth in the new American Standarda for 
Pool Cathode Meroury-Are Power Con- 
vertera,! waa deviaed to provide a sound 
and uniform baaia for testing rectifier 
wniita embodying a large variety of tube 
(ypes, equipment arrangement, and sery 
ice conditions, 

‘The purpose of thia report is to review 
the principal faectova which were con. 
aidered in formulating the rules for di- 
électrig testa, and to outline the general 
haala for thease teats, 

In order to determine the values of teat 
voltage to be applied to a rectifier unit, 
the following stepa muat be taken; 


{, Definition of the terminals or pointe of 


1yso 


potential difference to which the test voltage 
shall be applied, 

2. Determination of the ecireuit conditions 
which establish the voltage stress in normal 
sustained operation, 

&. Uvaluation of the erest working voltage. 


4, Caleulation of test voltage, 


Hach of these steps is discussed he- 
low; 


Points of Potential Differences 


A rectifier unit is defined as an opera- 
live assembly consisting of the rectifier(s), 
the rectifier auxiliaries, the rectifier 
transformer equipment, and the essential 
awitchgear, ‘The part of the unit com- 
prising the rectifier and its auxiliaries is 
usually connected to two main power sys- 
tems, namely, the a-c system at the ter- 
minals of the rectifier transformer d-c 
windings and the d-c system at the cath- 
ode terminal, and to one auxiliary power 
system at the terminals of the auxiliary 
devices used for excitation, evacuation, 
and temperature regulation, The main 
power terminals of the rectifiers are the 
anodes and cathode (or cathodes) of the 
rectifier tanks or tubes, which connect to 
the a-e and d-e power systems in the main 
power circuit, These terminals have a 
potential difference with respect to each 
other and with respect to ground, Tn the 
multianode metal tank rectifiers, the 
vacuum envelope operates at a potential 
differing slightly from that of the cathode, 
but for purposes of making dielectric 
tests, the two are assumed to have the 
same potential, 

The rectifier auxiliaries are usually en- 
ergized from a low-voltage a-c auxiliary 
source, Some of the auxiliaries are con- 
ductively connected to a power terminal 
of the rectifier, either directly or through 
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ve F a 
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1 
the auxiliary electrodes and the arc P| 
charge, Others are mounted on a iran 
member which is at power terminal po- 
tential, such as the cathode, Auxiliaries 
which are so connected or mounted mall 
operate with voltage stresses arising from, 
both power and auxiliary circuit poten- 
tials. 


Examples of some of the more usual 
circuit arrangements are shown in the 
illustrations, Figure 1 shows a rectifier | 
with its auxiliaries mounted on the frame | 
at cathode potential and supplied with | 
auxiliary power from an insulated source. | 
In the arrangement shown in Figure 2, | 
the auxiliary devices, while also mounted 
on the frame, must provide insulation 
in themselves between the power and 
auxiliary circuits. An arrangement with | 
auxiliaries mounted at ground potential is | 
shown in Figure 3. Figure 4 illustrates | 
the complexity of the double-way circuit 
with auxiliaries mounted at several dif- 
ferent potentials, 


Rectifier Circuits 


| 
The crest working voltage between 
anodes, between cathodes and between 
anodes and cathodes is established by the 
rectifier circuits employed and is equal to 
the peak inverse voltage for rectifier 
operation and peak forward voltage for 
inverter operation. Values of the peak 
inverse voltage for some circuits is given 
in Table IV of reference I. The crest 
working voltage between anodes and 
ground and between cathodes and ground 
is established by both the rectifier circuit 
employed and the ground point. When 
no ground point is provided or specified a 
ground is assumed at the point which re- 
quires the highest test voltage, that is, 
either the positive or negative d-c bus. 
The peak inverse voltage is the maxi- 
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Paper 51-354, recommended by the AIEE Elec: 
tronic Power Converters Committee and appro 
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for printing September 25, 1951. a 
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f Figure 2. Rectifier with frame mounted auxiliaries and insulation line through devices 
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Figure 3. Rectifier with auxiliaries mounted at ground potential and insulation line through 


bee devices 
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Figure 4. Double-way rectifier with auxiliaries mounted at four potentials 


mum instantaneous voltage between the 
anodes and cathodes of a rectifying ele- 
ment during the inverse period. The 
value of peak inverse voltage used for de- 
termining test voltages is the peak inverse 
voltage obtained when operating as a 
power rectifier, at no load, with no phase 


1951, VoLumE 70 


control, and with rated a-c voltage on the 
d-c windings of the rectifier transformer. 

The wave forms and circuit diagrams 
for two widely used circuits are shown on 
Figure 5. The values of crest working 
voltage for these circuits are given in 
Table I. 
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Insulation Line 


The voltage between power circuit 
terminals and ground and between power 
circuit terminals and auxiliary circuit 
terminals on the rectifier assembly 
results in a _ stress on specific in- 
sulating members. These members may 
be said to define the insulation line. 

In the simple arrangement shown in 
Figure 1, the base insulators under the 
rectifier, and the insulating transformers 
in the auxiliary power circuit, form the 
insulation line. The primary function of 
these devices is to provide insulation, In 
the more complex arrangement shown in 
Figure 2, the insulation line passes 
through some of the auxiliary devices and 
the insulation in these devices is called on 
to act in a dual insulating capacity, that 
is, it must insulate for both the usual 
voltage stresses of the auxiliary power 
circuit and the additional stress arising 
from the rectifier power circuit. 

For purposes of testing auxiliary cir- 
cuits of rectifier sections (assemblies), two 
classes of auxiliaries are defined: 


CLAss 1 


Auxiliary devices and wiring so 
mounted and connected that they are 
subjected to voltage stresses arising only 
from auxiliary circuit voltages. (For ex- 
ample, devices mounted at ground poten- 
tial and connected to a grounded or insu- 
lated circuit, and devices mounted at 
cathode or anode potential and connected 
to an insulated circuit.) 


Crass 2 


Auxiliary devices and wiring so moun- 
ted and connected that they are subjected 
to voltage stresses resulting from both 
auxiliary circuit and power circuit volt- 
ages. (For example, auxiliary devices 
mounted at cathode or anode potential 
and connected to a grounded circuit, or 
auxiliary devices mounted at ground po- 
tential and connected to cathode or anode 
or to a device mounted at cathode or 
anode potential.) 

Devices mounted on the rectifier 
frame to meet Class 2 requirements 
must either be made special to withstand 
the added voltage stress or be selected 
from standard devices of higher voltage 
ratings. Added insulation may be pro- 
vided between conducting elements, such 
as windings, and contacts or the device 
may be mounted on an insulated sub-base. 


Unusual Service Conditions 


The crest working voltage has been de- 
termined on the basis of the conditions 
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incurred during sustained operation in 
normal service. Actually the stress im- 
posed on the rectifier may exceed this 
value under a variety of conditions fre- 
quently encountered in service. Some of 
the conditions under which over-voltages 
may be obtained are listed below: 


1. System over-voltages resulting from 
overspeed of generators in the a-c system or 
over-voltage on unfaulted phases of 3-phase 
impedance grounded systems with one phase 
faulted. 


2. D-c over-voltages occurring when key- 
ing a phase-controlled rectifier, or arising 
from an over-running d-c load. 


3. Over-voltages due to switching. 


4. Over-voltages occurring during fault 
interruption. 


No attempt is made to accurately 
evaluate the insulation requirements for 
these abnormal conditions. Experience 
has shown that insulation can withstand 
high-voltage stresses for short intervals. 
The value of the test voltage is selected so 
as to assure the use of insulation having 
adequate strength to meet these abnormal 
conditions to the extent that they are 
usually encountered in service. 


Rectifier Over-Voltages 


Over-voltages also may be produced in 
the rectifier circuit from three phenomena 
which are unique in rectifier operation. 


1. Are Extinction. When the arc- 
back current in a rectifier decays to zero 
under unfavorable conditions, a very 
rapid decay of current may be obtained at 
a substantial current value, when the 
cathode spot on the anode surfaces goes 
out. The magnetic energy in the trans- 
former core at the beginning of extinction 
is transformed into electrostatic energy in 
the distributed capacity associated with 
the transformer windings. Since this 
value of capacity is small, the resulting 
voltage may be many times rated voltage. 


2. Are Starvation. When a rectifier is 
operated at high current and low tem- 
perature, the voltage across the arc dis- 
charge may vary rapidly from the normal 
value to several times the normal value. 
This voltage fluctuation is an are phe- 
nomena resulting from a deficiency of 
positive ions incurred at low vapor densi- 
ties and high current flow. It may pro- 
duce substantial voltage surges in the 
rectifier power circuit. 


3. Recurrent Recovery Phenomena. 
When a rectifier is operating with a large 
amount of phase control, a high initial 
inverse voltage is obtained at the end of 
conduction. This voltage, acting upon 
the distributed capacity and leakage re- 
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Figure 5. 


actance, may give rise to high recovery 
voltages in the power circuit. These re- 
covery voltages are recurrent with each 
cycle and may be oscillatory in nature. 

Rectifier circuits are usually provided 
with surge absorbing means to limit the 
over-voltages arising from these unique 
phenomena to values not exceeding the 
insulation strength. 


Evaluation of Crest Working Voltage 


The crest working voltage between 
anodes, between cathodes, and between 
anodes and cathodes is equal to the peak 
inverse voltage (E,;). Values of the peak 
inverse voltage for some circuits is given 
in Table IV of reference 1. In order to 
obtain the peak inverse voltage, the rms 
voltage on the transformer d-c windings 
(E;) must first be determined. The value 
of this voltage depends upon the rated d-c 
output voltage of the rectifier, the regula- 
tion voltage drops in the rectifier trans- 
former and rectifier tubes, and the amount 
of phase control desired at rated output 
voltage. 


NO. 23 DOUBLE-WAY CIRCUIT 


Wave forms and circuit diagrams 


The crest working voltage between the 
d-c terminals is the maximum voltage 
that can appear across these terminals 
through normal action of the rectifier. 
At light load this voltage is the crest value 
of the transformer d-c winding voltage; 
for example, for a double-Y circuit it is 
V/2E; and for a double-way circuit it is 
V6Es. 

The crest working voltage between 
anodes and ground, and between cathodes 
and ground, is established by the rectifier 
circuit and the ground point. Where no 
ground is provided or specified, a ground 
is assumed at the point which requires the 
highest test voltage, that is, either the 
positive or negative d-c bus. The crest 
working voltage to ground may be deter- 
mined by the algebraic addition of the 
instantaneous voltages which contribute 
to the stress. 

The crest working voltage of Class 2 
auxiliary devices and wiring may be de- 
termined by the arithmetic addition of the 
crest value of the auxiliary circuit voltage 
and the crest value of the power circuit 
voltage. 


Table |. Table of Voltages | 
Crest Working Voltage 
Peak Anode Anode Bus A Anode Anode 
se Inverse to to to to 
Circuit Voltage Anode Cath. B Bus A Bus B 
a 2 Ss - 

# 45 Double-Y.......... 6Es = 7 4 RS [3 Oy ANB: oR ee iGreen V2Es 
# 23 Double-way........ V6Es = Bei ee eee JOE ee STN pate ae JOEsc? ee V6Es.......V5Es 
ello ee eee EE ERE 
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ATEE TRANSACTIONS 


Table Il. 
Test Voltage =1.5 X Crest Working Voltage +K 


working voltage should be taken with 
respect to a terminal point that is 
common to both. 


Test Voltages 


The test voltages are determined on the 
basis of the general rule that they shall be 
twice the working voltage. Inasmuch as 
it is more convenient to determine the 


working voltage on the rectifier in terms 


of its crest, the rms test voltages are taken 
as 11/, times the crest working voltage. 
Using this rule, the crest value of the test 


Dielectric Test Voltages for Rectifier Equipment 


Test Voltages (Rms Kilovolts) 


of the crest working voltage. 

In order to provide adequate voltage 
tests for lower voltage equipment, and to 
obtain the margins necessary in parts of 
the circuit which may be subjected to 
higher stresses than are indicated by the 
crest working voltage, the test voltages 
are increased by a fixed amount as shown 
by Table II. The test voltage (rms 
kilovolts) is equal to 1!/, times the crest 
working voltage (kilovolts) plus the fixed 
voltage (K in kilovolts) given in the 
Table. Test voltages are given in the 
Table for three typical examples. 
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3 Tubes Auxiliary Circuit 
___ Working Voltages _ _(or Tanks) Power Circuit (Aux. Devices & Wiring) 
1 2 3 4 5 6 tf 8 9 10 11 
Transformer Class 1 Class 2 Class 2 Class 2 
(4 D-C Peak Aux. Bus C to Bus Cto D-C 
\ Winding Inverse Anode Elec. Anode Anode Between Ground Ground Term.to BusCto BusCto 
Voltage Voltage to to to to D-C at at Conductor Ground Ground Ground 
Example E, Epi Cath. Cath. Anode Cath. Term. BusA BusB toMount atOther atBusA at BusB 
SUPER CNIS ICUS Teeny oie oi 5.6.0) 01s, 0 8: 0\0\s cis. (0)ais(oie a's nivie wi8/oye'ae ot apse! sogoth Gagetk “oodpe 1 O66c03 Te riaeso iy eeténoan Ta Oates e 3 F083 
#1 
600-v d-c with no phase 
control, circuit 45 
MENG Acta cle)e aie 5 < e.c.ce eee ss Site aos 1,430.....5.15. rater Oal Oe eat Ol bOnieie/ er Biol Palevers DLO Werte 2s 2 es cela LO [eketa mete OOS sv icrsvar 5.61§....4.71fF 
#2 
600-v d-c with 15% phase 
control, circuit 45 
MUTE EIN feisty ai. cl a eipye. a> oie, 0.6.0! :s GOa iaseretat D605 i.e OPAON ered Ose le Oe 40 ble De 40. nine Sak viete ot 5.40 2.39..... MrGrenee ners SOOM tetris 5.87 4.85 
#3 
600-v d-c with 15% phase 
control, circuit 23 
MGGDIO"WAY occ nce tcc c cease aUsiaicatee 810. 4.20. a Octeintc Wee cles Beale ateens De lnarere 4,.20....4.20..... eb Ie Gacdaae OO marelaty 4.68 4.68 
. *1,5-kv minimum 
**For double-way circuit k =3. 
tAux. voltage assumed to be 220 volt rms. 
tAux. voltage is 220-volt rms; Crest working voltage is 1.41 X585+310 =1,140 volts. 
§Aux. voltage is 220-volt rms; Crest working voltage is 1,430+310 =1,740 volts. 
These two components of the crest voltage will be approximately twice that Conclusions 


It is hoped that this review of the fac- 
tors bearing on the determination of di- 
electric test voltages will prove helpful in 
the understanding and application of the 
rules established by the standards. 
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aie Design of High Power Vacuum 
Tubes for Industrial Heating Applications 


H. D. DOOLITTLE : 


NONMEMBER AIEE 


Synopsis: Analysis of tube failures from in- 
dustrial application has pointed up three 
principal sources of failure: (1) copper- 
glass seals are not strong enough to with- 
stand handling by industrial maintenance 
people; (2) filament structures of the spring- 
tensioned type are not too reliable; (3) 
thin-walled copper anodes will not stand 
occasional overloads. Tubes have been de- 
signed which greatly increase tube life by 
eliminating failures of the above types. 
The use of thick kovar metal in glass seals 
will withstand about ten times the torsion of 
the conventional copper seals commonly 
used in transmitter tubes. A self-supporting 
filament structure not only eliminates the 
failures caused by filaments sticking in 
guides and annealing of the spring material, 
but maintains uniform tube characteristics 
throughout life. Data on a type ML-5658 
20-kw tube shows less than 2 per cent change 
in static data after 10,000 hours of life. The 
use of copper anodes from four to eight times 
thicker than customary permits nearly 100 
per cent increase in plate dissipation ratings 
without additional water flow. For use at 
normal plate dissipation, the anode tem- 
perature runs lower and scaling of the anode, 
with resultant anode puncture, is eliminated. 

Failure of tubes due to excessive cathode 
temperature cannot be reduced _ since 
evaporation of the cathode material is a 
physical reality which cannot be com- 
promised, Instead of running a tube above 
ratings, a larger tube with greater cathode 
area must be used. 


HE ATTITUDE of a plant foreman 

and a radio station chief engineer to- 
wards vacuum tube equipment is naturally 
quite different. In general, a plant fore- 
man knows very little, and cares very 
little about the details of operation of the 
radio-frequency generator he is using. 
His main interest is that it shall cause 
him no trouble and do the job. A radio 
station chief engineer, however, takes 
considerable pride in the equipment on its 
own behalf and, in many cases, spends 
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hours of labor improving the operation or 
tending tubes to get the maximum pos- 
sible life. 

On a recent trip to an industrial es- 
tablishment which uses the ML-5619 
tube, it was surprising to find that all 
water flow switches had been discon- 
nected. The foreman’s explanation was 
that every time a certain machine in the 
next room drew a few gallons of water, all 
his heaters cut off in the middle of the 
job. He found that by disconnecting the 
switch which cut off power in the radio- 
frequency heaters, if the water flow fell 
below 5 gallons per minute, he was no 


COPPER 


WRINKLE 35 IN LBS. 
LEAK 70 IN. LBS. 


Figure 1. Com- 

parison of torsion 

strength of cop- 

per and kovar 

glass - to - metal 
seals 
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longer bothered. The only trouble en- 
countered was that the rubber gaskets i 
the tube water jacket had to be replaced 
about eyery 1,000 hours. This incident 
contrasts a foreman’s attitude with that 
of a radio station engineer. 

It is not possible to make a vacuum 
tube which will be as rugged as a forging 
die; however, considerable improvement 
can be made over the conventional type 
broadcasting tube. A vacuum tube in- 


high refractory metals such as tungsten 
operating at 2,000 degrees centigrade or 
higher, and pressure of the order 
1/1,000,000,000 of atmospheric pressure 
Besides these extreme conditions, the tube. 
is expected to operate for 5,000 ho 
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Comparing life to that of an automobile, 
the latter would have to operate in ex- 
cess of 100,000 miles with no internal re- 
pairs in accumulating such mileage. 

In analyzing vacuum tube failures it is 
obvious that the principal troubles are (1) 
seal breakage; (2) shorting grid cathode 
due to weak seals or warping of the high 
temperature filament; (3) excessive fila- 
ment temperature causing rapid evapora- 
tion of cathode material; (4) overheated 
anodes with heavy scale formation and 
premature failure due to anode puncture; 
(5) excessive grid dissipation resulting in 
grid distortion; (6) gassiness due to 
momentary overload. Fortunately, most 
of these evils can be rather easily cor- 
rected. There is, however, no cure for ex- 
cessive filament temperature except get- 
ting a tube with sufficient cathode emis- 
sion to do the job. 

Machlett Laboratories has redesigned 


Figure 3. Tube ML-5604, weighing 48 


pounds, suspended from a single grid terminal 
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1951, 


Figure 2 (left). Test 
equipment for evalu- 
ation of metal-to- 
glass seal strength 


existing tubes, or designed new tubes to 
cover the power range from 5 to 100 
kw output power. These tubes follow the 
same general pattern. The best possible 
techniques are used to provide strong 


Figure 4 (below). 


Table |. Static Test Data on ML-5658 20- 
kw Tube Before and After 9,700 Hours of Life 


Prior to After 9,714 
Test Shipment Hours of Service 
Filament current..... 321.6 ..313.0 amperes, 
alternating 
current 
Grid biased 200 volts 
negative with plate 
current 2 amperes, 
plate voltage, 
CEipn) Said sige ccattistioce ae One dia Ome NEV vate Cie 
rect current 
Grid at zero poten- 
tial with plate cur- 
rent of 2 amperes, 
plate voltage=..... SOL, ovO5 kv, ‘di- 
rect current 
Amplification factor. . PH ees al be 
Plate voltage at 10 
kv, grid cut-off 
voltage =..........—530.0 ..—540.0 volts, di- 


rect current 


Comparison of older spring tensioned filament and recent design free-hung 


filament 


FILAMENTS 


A SPRING LOADED 


28 TOTAL PARTS 
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FREE HUNG 


19 TOTAL PARTS 
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Figure 5. Filament structure of ML-5666 
tube mounted on glass dish 


seals, grid and filament structures free of 
strains, thoroughly outgassed parts and 
thick copper, high dissipation anodes. 
Figure 1 shows the torsion strength of 
the conventional copper-glass seals as 
compared with the nickel-iron or kovar 
seals. The types of seals used on indus- 
trial tubes will withstand about ten times 
the torsion of the older tube types. The 
weakness of the older copper seal can best 
be illustrated by the fact that some radio- 
transmitting stations require that only 
one particular maintenance man be per- 


ML-8894 


Pe 


? 


Figure 6. Grid structure of ML-5666 tube 


mitted to change tubes except in emer- 
gency. TF igure 2 shows the test equip- 
ment used in evaluating seal strength. 
Figure 3 shows an M/L-5604 10-kw tube, 
air-cooled, suspended by a single filament 
terminal, The tube weighs 48 pounds. 
The next problem to be considered is 
the filament structure. The filament 
presents a particularly tough problem due 
to its high operating temperature. It is 
made of pure tungsten or tungsten with a 
small percentage of thorium and operates 
at 2,200 and 1,600 degrees centigrade re- 


ML- 5666 


Figure 7 (left). 
Comparison _ of 
anode tempera- 
tures of ML- 
889A versus 
ML-5666 tubes 
at 5-kw dissipa- 
tion and 4 gal- 
lons- per - minute 
cooling ~- water 
flow. 


Figure 8 (right), 
5-kw tubes, 
Industrial thick 
anode wall tube 
5666 (left) and 
older 889 trans- 
mitting tube 
(right) 


spectively; for good life and proper 
emission its temperature cannot vary 
by more than+20 degrees centigrade 
in any particular tube. At these tem- 
peratures it has a strength comparable 
with annealed copper at room tempera- 
ture, As the filament heats up it will ex- 
pand about 1/8 inch for a 4-inch length, 


oat Q y 
and hence provision must be made for 


free expansion to prevent bowing with re- 
sultant grid cathode shorting. It has 
been common practice to tension the 
filament structure to keep it straight. 
We have found, however, that all at- 
tempts to tension a filament with a spring 
leads to excessive short life failures due to 
binding, warping of the support struc- 
tures, et cetera. Figure 4 compares a con- 
ventional spring-loaded structure. Fig- 
ure 5 shows a filament structure mounted 
on the tube base for an ML-5666 (5-kw 
tube). The acid test of freedom from 
bowing is the static test data which de- 
fines the relative position of cathode, 
grid and anode. Table I shows such data 
taken on a 20-kw ML-5658 tube at zero 
hours and after nearly 10,000 hours of 
service. A shift of 1 kv in the Zp; test is 
equivalent to a change of 0.015 inch in the 
grid cathode spacing. This tube has 
maintained its filament stability for 
nearly 10,000 hours to within a few mils. 
The filament current has fallen from 
321.6 amperes to 313.0 amperes due to 
tungsten evaporation. 

Figure 6 shows the type of grid struc- 
ture used in the ML-5666 tube, 5 kw. 
Large wire diameters are used and the 
grid is carefully etched to cool efficiently 
by radiation. 

The next problem to be considered is 
anode dissipation. The usual transmitter 
tube anode has about 0.060 inch wall 
thickness. In our ruggedized tubes from 
1/4-inch to 1/2-inch anode thickness is 
used, The reason for the increased anode 
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Figure 9. ML-5682 tube-for 300-kw input 


thickness is to improve the anode dis- 
sipation. There is always some focusing 
of electrons by the vertical grid support 
stays. This leads to the heat distribution 
shown for the conventional 889 tube in 
Figure 7. Temperature distribution in 


Figure 10. Sturdy grid and cathode structure 
of ML-5682 


the heavy-walled counterpart of this 
tube, the ML-5666, also is shown. The 
six small circles in the upper cross-section 
view of the anode represent the six ver- 
tical grid support stays seen in Figure 6. 
Note that at the same anode dissipation 
the thin-walled tube has 2-to-1 variation 
in anode temperature and that the tube 


runs at the hotter spots considerably 
hotter than the heavy-walled tube. The 
lower temperature as achieved by the 
latter anode helps in many ways. First of 
all, a 50 to 100 per cent overload can be 
taken without permanently damaging the 
tube. Secondly, the lower temperature in 
normal operation greatly reduces scale 
formation. This is particularly ad- 
vantageous where water may have a rela- 
tively high mineral content. A third ad- 
vantage is reduction in flash arcs, since 
localized heating is reduced. Figure 8 
shows two 5-kw tubes, the 889 and ML- 
5666. The 889 tube has the spring-ten- 
sioned filament structure, see Figure 4, 
and an anode wall 0.060 inch thick. The 
ML-5666 has a free-hung filament struc- 
ture, anode wall 0.25-inch thick and 
strong kovar seals. These two tubes are 
interchangeable electrically, but the M/L- 
5666 has higher ratings and will give 
much better service due to its more rug- 
ged construction and greater safety 
factors. 

Figure 9 shows a high power tube for 
300-kw input, the ML-5682. This tube 
includes further design improvements. 
The small diameter grid and filament 
leads of the ‘‘dish’”’ type used in the A/L- 
5666, see Figure 5, have been replaced by 
two large-diameter concentric filament 
connections. The grid structure shown 
in Figure 10 also is mounted on a sturdy 
8-inch diameter copper plate. This type 
of structure is ideally suited for cavity 
type circuits, but also is essential for ac- 
curate alignment of grid and cathode 
structures in such large tubes. 
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Equivalent Continuous Current for 


Groups of Variable Loads 


W. K. BOICE 


MEMBER AIEE 


HE current rating of most electric 

equipment is a selected value of con- 
tinuous current which will not cause ex- 
cessive temperature rise. For d-c equip- 
ment it is a constant current. For a-c 
equipment it is usually a sinusoidal cur- 
rent with the same rms value for every 
cycle. In most cases, a variable load will 
not cause excessive temperature rise if its 
rms value does not exceed the rated 
cutrent. This procedure is satisfactory 
if this rms value of the variable load is 
applicable to a time interval roughly 
comparable to the time for full tempera- 
ture rise to be reached, and further, over- 
loads during this interval are of relatively 
short duration. 

Often each variable load repeatedly 
follows a fairly definite pattern of short 
duration. Examples include resistance 
welders, arc welders, looms, presses, and 
elevators. For such cases, the rms cur- 
rent for each load can be evaluated over 
one typical repetition of the complete 
load pattern. Each such rms current may 
be called the equivalent continuous cur- 
rent for the individual variable load. 

When a group of such loads operate in- 
dependently but are supplied from a 
common power source, the required rating 
of power supply equipment, such as 
transformers or feeder cables, is depend- 
ent upon the total current to the group. 
The equivalent continuous total current 
to such a group of variable loads is not 
equal to the sum of the equivalent con- 
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tinuous currents for the individual loads. 
This paper*shows how the equivalent 
continuous value for the total current can 
be calculated from data for the individual 
loads. 

Methods previously presented)? apply 
only to loads with simple and identical 
load patterns. The method of this paper 
may be used for groups of loads with 
diverse magnitudes and load patterns. 

Some examples are presented. These 
are all concerned with resistance welders, 
but the procedures they illustrate can be 
applied to other types of loads. 


Individual Loads 


Procedures for calculating the equiva- 
lent continuous current for an individual 
load are well known. A typical procedure 
for an a-c load is as follows: 


1. Find the squares of all the rms a-c values 
during a typical load pattern. 


2. Multiply each square by the duration of 
its occurrence. 


3. Add all the products, of current-squared 
times time. 


4. Divide by the total time, including any 
time of zero current. 


5. Take the square root. 


For simple load patterns, simpler pro- 
cedures are possible. For example, con- 
sider a resistance welder having a single 
value of rms demand current during the 
weld time, and zero current until the be- 
ginning of the next weld. In this case the 
equivalent continuous current is the de- 
mand current multiplied by the square 
root of the duty cycle. The duty cycle in 
this case is defined as the ratio of weld 
time to total time. Suppose the current 
to the welder is expressed in kilovolt- 
amperes, the demand being 200 kva, and 
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the duty cycle is 25 per cent. The equiv- 
alent continuous load for this machine is 
200 times the square root of 0.25 or 200 
0.5=100 kva. 


Groups of Loads 


The equivalent continuous total cur- 
rent to a group of variable loads is less 
than the sum of equivalent currents for 
the individual loads, if these loads operate 
independently. It would equal this sum 
if all the loads had similar patterns and 
operated exactly together. The chance 
that this will happen with independent 
loads is ordinarily quite negligible. Occa- 
sionally it does happen, but this condition 
does not last long enough to affect the 
rating required of power supply equip- 
ment. 

If overlapping of load currents is pre- 
vented, as when intermittent loads are 
interlocked, the equivalent continuous 
total current is equal to the square root of 
the sum of the squares of the equivalent 
currents of the individual loads. 

When loads operate independently, 
without interlocking, their load patterns 
will coincide only occasionally. The 
equivalent continuous total current will 
then be less than the sum, but more than 
the square root of the sum of the squares, 
of the individual currents. Its value will 
depend upon the probabilities of all pos- 
sible total current values. Fortunately it 
is not necessary to calculate these prob- 
abilities. Instead, relatively simple pro- 
cedures are presented, which make use of 
the concept of standard deviation, taken 
from probability theory. 

This paper includes a number of state- 
ments which are based upon fundamental 
probability theory. Justification for 
these statements may be found in ref- 
erence 3. 


Standard Deviation 


The standard deviation is* the root 
mean square of all random deviations 
from the average load. It is analogous to 
a radius of gyration. Any equivalent 
continuous load also is a rms value, which 
is analogous to a radius of gyration about 
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Figure 2 (above), 
resistance welders. 
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he axis of zero current. The displace- 
nent between the axes of these two radii 
wf gyration is equal to the average load. 

The most probable* value for the 
tandard deviation for the total load is 
‘qual to the square root of the sum of the 
quares of the standard deviations of the 
ndividual loads, if they operate inde- 
yendently. 


Average Load 


The average load is* the average of 
rariations which may occur independ- 
ntly. For an a-c load it is the average of 
Ul rms a-c values, rather than the average 
f instantaneous values. 

As an illustration of average current, 
onsider a resistance welder with a de- 
nand of 1,000 rms amperes and a duty 
ycle of 10 per cent. For this simple load 
attern, the average current is the product 
f demand times duty cycle. Hence the 
erage load is 100 amperes. 

The average total current is* the sum 
f the average currents of the individual 


oads. 
tepetitions of Load Pattern 


In any selected time interval, the rms 
otal current may not exactly equal the 
quivalent continuous total current. 
fowever if each load repeats its load 
attern many times during the time in- 
erval, the equivalent current will® very 
robably be quite closely approached. 
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Consequently the method presented is 
most applicable when the time for each 
complete load pattern is much less than 
the time for full temperature rise to be 
reached by the power supply equipment. 
It is not necessary for the number of loads 
to be large. 


Procedure for Groups of Loads 


The following procedure can be used to 
calculate the equivalent continuous total 
current to a group of independent d-c 
loads or a group of independent a-c loads 
whose power factors can be assumed to be 
constant and alike. 


1. Calculate the equivalent continuous 
current for each load. Call these values 2 
and %, ... for the various loads. 


2. Calculate the average current for each 
load, (For a-c loads this is the average of 
rms values.) Call the average currents a 
and a... 


3. For each load calculate the standard 
deviation. By analogy with the relation- 
ship‘ between radii of gyration, the following 
formula may be used? for finding the stand- 
ard deviation (sigma) for an individual load 
current. 


aa V alae (1) 
4, Calculate the standard deviation for the 
total current to the group of loads, using the 
following? formula: 


or=V o;2+o2?+... (2) 
5. Calculate the average total current. 
This is 

ap =Q,+a2+... ° (3) 
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6. Calculate the equivalent continuous 
total*® current, as follows: 


tp = Vog?-hap? (4) 
Loads with Different Power Factors 


When the power factors of individual 
a-c loads are not all alike, equation 3 for 
the total average current is not valid. 
Instead the vector sum of the average 
currents should be used. 

When the power factor of an individual 
a-c load varies with time, its average cur- 
rent, designated by a; in equations 1 and 
8, should be the vector average. This 
vector average is obtained by adding 
vectorially the products of current times 
duration of occurrence, before dividing 
by total time to obtain the average. When 
power factor varies with time, the vector 
average is less than the arithmetic aver- 
age in the same way that the resultant of 
two vectors can be less than their arith- 
metic sum. 

To facilitate vector additions, it is 
convenient to consider separately com- 
ponents which are at right angles to each 
other. Probability relationships analo- 
gous to equations 1 to 4 then apply® to 
each of these components. Since the re- 
sultant of such components is the square 
root of the sum of their squares, the 
equations 1, 2, and 4 can be expressed 
in terms of summations of squares of 
components, and consequently, they are 
applicable to vector resultant currents, if 
vector average currents are used. Equa- 
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tion 3 can be replaced by the following 
procedure for finding the vector average 
total current. 


1. Choose a reference vector, such as the 
supply voltage. 


2. For each load, find the average in-phase 
component of current. Call these p; and 


pie 


3. For each load, find the average out-of- 
phase component of current. Call these qr 
and q... 


4. Find the average in-phase component of 
total current. This is 

pbr=pitfet... (5) 
5. Find the average out-of-phase com- 
ponent of totalcurrent. This is 
qr=utgt... (6) 
6. Find the vector average total current. 
This is 


ar=V pr?+qr’ (7) 


Power and Reactive Kilovolt- 
Amperes 


The line voltage of a single-phase sys- 
tem and a line-to-neutral voltage of a 3- 
phase system are convenient reference 
vectors. When one of these is used, the 
in-phase component of the corresponding 
line current is proportional to power, 
while the out-of-phase component is pro- 
portional to reactive kilovolt-amperes. 


Sign of Components 


Any of the components described in the 
preceding discussion can have? a positive 
or negative sign. 

An in-phase component is customarily 
considered as positive if it corresponds to 
power input to a load. Sometimes a load 
such as a loom can return power to the 
supply during part of its load pattern. 
The in-phase component of current 
corresponding to the returning power 
should bear a negative sign to permit 
correct calculation of the average in- 
phase component. 

Positive reactive kilovolt-amperes can 
be designated as that corresponding to the 
out-of-phase component of current to a 
load of lagging power factor. The cur- 
rent to a load with a leading power factor 
then has an out-of-phase component with 
a negative sign. 


Number of Phases 


The procedures which have been de- 
scribed apply to single-phase loads on a 
single-phase system, 3-phase loads on a 3- 
phase system, and single-phase loads all 
on one line-to-line phase of a 3-phase 
system. When single-phase loads are 
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supplied line-to-neutral, the equivalent 
total current in each line is determined 
solely by the loads connected to that 
line. 

When single-phase loads are distributed 
line-to-line on three phases of a 3-phase 
system, the equivalent total current in 
each line can be calculated by considering 
only those loads connected to that line. 
If the loads all have the same power 
factor, the line current contribution due to 
loads on one of the line-to-line phases 
which connect to a line will be 60 degrees 
out of phase with the contribution due to 
loads on the other phase considered. A 
vector addition is therefore required, even 
when all loads have the same power 
factor. 

When loads are distributed on the 
phases of a 3-phase system, it is advisable 
to express current in amperes instead of 
kilovolt-amperes, because 3-phase and 
single-phase circuits of the same voltage 
have different values of kilovolt-ampeies 
per ampere. 

The 3-phase kilovolt-amperes corre- 
sponding to the equivalent continuous line 
current to a group of similar single-phase 
loads distributed evenly among three 
line-to-line phases is slightly greater than 
the equivalent continuous kilovolt-am- 
peres for these same loads connected to a 
single-phase supply. When the loads 
cannot be evenly distributed, a still 
greater equivalent kilovolt-ampere is re- 
quired of a 3-phase system. When the 
number of variable loads is very large, 
however, the required single-phase and 
3-phase kilovolt-amperes values approach 
each other. 


Similar Loads 


When all loads are alike, it is possible 
to plot the equivalent continuous total 
current as affected by number of loads. 
Figure 2 shows how the number of ma- 
chines and the duty cycle of a group of re- 
sistance welders affect the equivalent 
continuous total current. 


Steady Loads 


If a group of variable loads is com- 
bined with a steady load, such as an in- 
dustrial heating load, the resulting equiv- 
alent continuous current will be less 
than the sum of the steady load plus the 
equivalent current for the group of vari- 
able loads. 

A precise result can be obtained by 
adding the steady current, vectorially, 
to the average total current of the vari- 
able loads, and then following the pro- 
cedures already described. This merely 


recognizes the fact that the "Standard | 
deviation of a steady load is zero. 


EXAMPLE 


As an example of the method presented, 
consider three resistance welders with de- 
mands as follows, all at 50 per cent power 
factor, and 5 per cent duty cycle. 


ve 
I,=1,000 amperes rms 
J,=500 amperes rms 
J;=100 amperes rms 


For each welder the equivalent con- 
tinuous load is: 


= 1,000°V 0.05 = 224 amperes 
42 = 500 +/0.05 =112 amperes 
13= 1000.05 = 22.4 amperes 
For each welder, the average load is 


a; =1,000(0.05) =50 amperes 
a, =500(0.05) =25 amperes 
a3=100(0.05) =5 amperes 


For each welder, the standard devia- 
tion (sigma) is from equation 1. 


n= 4/ iat 

= 4/ (224)?—(50)? =218 amperes 
= a/ (112)?—(25)? = 109 amperes 
o3= v/ (22.4)? (5)? =21.8 amperes 


The standard deviation for the total 
current is, from equation 2. 
op = A/ gies nen 


= +/(218)?+(109)?+(21.8)? 
= 245 amperes 


If the welders are connected to a single: 
phase supply, the average total current is 
from equation 3. 


ap =a, +a.+a, 
=50+25+5=80 amperes 


For this case, the equivalent continuou; 
total load is, from equation 4. 


ip =V o1?-+ ar? 
= \/(245)?-+(80)? =258 amperes 


For a 440-volt single-phase circuit, thi: 
is 113 kva. 

If the three welders had been con 
nected to a 3-phase system, each to a dif 
ferent line-to-line phase, the maximun 
equivalent continuous line current woul 
be that for the line to which the tw 
larger machines connect (since all ma 
chines have the same duty cycle). If w 
call this line A, as in Figure 1, the devia 
tion of its current is, from equation 2 _ 


oA =V/ otto: J 
=V (224)?+(112)? =244 amperes 
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In order to obtain the average current, 
we may select a reference vector in phase 
with the current in load 1. The con- 
tributions of this current to the line cur- 
rent will then be as follows (for d=duty 
cycle). 

The average in-phase component for 
load 1 is \\ 


_ p:=T,d, =1,000(0.05) =50 amperes 


The average out-of-phase component, 
for load 1 is 


= 


As shown by Figure 1(A), current of 
load 2 must be subtracted from current of 
load 1 to obtain current inline A. For the 
phase rotation of Figure 1, the contribu- 
tion of load 2 leads the reference vector 
by 60 degrees as shown by Figure 1(C). 
Therefore the average in-phase compo- 
_ nent contributed by load 2 is 


Mi Discussion 


| tyron Zucker (Myron Zucker Engineering 
Co., Detroit, Mich.): The method pre- 
sented in Mr. Boice’s paper is applicable to 
-a-c only when harmonics are negligible. 
Can the method be extended to include 
consideration of harmonics? In the resist- 
uce welding field, harmonics can be appre- 
iable in some cases. Harmonics are intro- 
luced at reduced heat settings when elec- 
tronic heat control is used. Harmonics 
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pz =Ind cos 60° = 500(0.05)(0.500) 
= 12.5 amperes 


The average out-of-phase component 
is 
g2 = —Iedz sin 60° = — 500(0.05)(0.866) 
= —21.6 amperes 


The average in-phase total current is 
from equation 5 


br=pithe 
=50+12.5=62.5 amperes 


The average out-of-phase total current 
is, from equation 6 


qr =U tg 
=0—21.6 = —21.6 amperes 


The average total current of line A is, 
from equation 7 


ar = WV brttar? 


=V (62.5)?+(—21.6)? =66.2 amperes 


appear in the a-c line current. to. frequency- 
changer welders. Harmonics also appear in 
the current to flash welders during flashing. 
Are welding currents contain harmonics. 


W. K. Boice: The method of my paper 
can be extended to include the effect of 
harmonics. It is usually necessary to have 
advance knowledge of the nature and prob- 
able magnitudes of the harmonics associated 
with each variable load. Each expected 
harmonic frequency should be considered 
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The equivalent continuous total cur- 
rent of line A is, from equation 4 


14 = V oraz? 
= V/(244)?+-(66.2)? =252 amperes 


For a 440-volt 3-phase circuit, this 
corresponds to 193 kva. 
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separately and treated in exactly the same 
manner as the fundamental currents, thus 
obtaining the equivalent continuous total 
value for each harmonic. The squares of 
such values for all harmonics can be added 
to the square of the corresponding funda- 
mental current to obtain the square of the 
total equivalent current. If the wave 
shape of all loads is constant and alike, the 
proportion of total current contributed by 
harmonics will be the same as for the in- 
dividual loads. In many cases, harmonics 
can be safely neglected. 
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. Annual Carrying Charges in Economic 


Comparisons of Alternative Facilities 


PAUL H. JEYNES 


MEMBER AIEE 


HE EXPRESSION economic com- 
| pees of alternative facilities means 
an estimate of the effect on future rev- 
enue requirements of adopting one plan 
of action instead of some alternative. 
The economic choice is the plan which 
will result in minimum revenue require- 
ments-that is, the minimum compensa- 
tory selling price-after all costs have been 
covered, including an adequate return to 
owners of the business. 

It is admittedly difficult to anticipate 
future variations in some of the essential 
factors in an economic study—factors such 
as future costs of money, tax rates, and 
average lives—just as it is difficult for the 
engineer designing transmission lines to 
anticipate future peak loads, load factors, 
and power factors. But in either case, the 
final result associated with a given set of 
initial assumptions is definite and factual; 
the arithmetic of economic comparisons is 
just as clear-cut and rigorous as Ohm’s 
law. 

The present paper deals with the ap- 
propriate treatment of four annual costs 
often inaccurately referred to as “‘fixed 
charges,’’ namely: 


1. Return on the investment. 
2. Depreciation. 

3. Taxes. 

4. Insurance. 


Other basic considerations involved in 
economic comparisons, including the es- 
timate of investment costs and operation 
and maintenance expense, as well as the 
evaluation of energy and capacity dif- 
ferentials, are discussed in companion 
papers.}3 


Return on the Investment 


In view of the large amount of confus- 
ing literature dealing with costs of money, 
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it seems advisable to stress the precise 
definition of the estimate of return on the 
investment. The objective is an estimate 
of the total dollars available for interest 
and dividends that the enterprise would 
earn in each future year under each of the 
various alternative plans. 

By “interest” is meant the annual re- 
turn paid on bonded indebtedness. In 
the long run, annual return is substan- 
tially interest on bonds plus dividends on 
stock, but earnings in excess of dividends 
actually paid should be included, as in- 
dicated. The resultant percentage is es- 
tablished by what investors have de- 
manded and will require in order to at- 
tract capital to the enterprise. 

Although the ultimate objective is an 
estimate of the return in dollars for each 
separate year of the study, ordinarily the 
investigator must be content to predict a 
single level average rate for the whole 
period of comparison. The desired rate 
for any given year may be specifically de- 
fined as the ratio a/b, where: 


a=interest paid plus earnings available for 
dividends in the given year 

b=net capital originally obtained by the 
utility from issuance of all securities 
outstanding in that year 


Clearly this rate is not, as sometimes 
erroneously concluded, the return on the 
particular securities issued at the time the 
project is contemplated. Nor is it the 
rate of return on current market price of 
the utility’s securities. 
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The question sometimes raised whethe 
the rate of return should be regarded a 
compounded annually or at shorter inter 
vals is rather academic quantitatively. 1 
quantity @ is taken to represent the singl 
annual total without part-year compound 
ing of interim payments, then annua 
compounding is the consistent assumptioi 
in all other applications. { 


Sound judgment as to the probabl 
future rate of return has its foundation 
in a survey of past and present earnings 0 
the company, attitudes of regulator 
authorities, and trends in the mone} 
market. Reflecting the relatively stead) 
and prolonged decline in interest rate} 
over more than a decade, the survey 0 
past experience will usually show a down 
ward trend. A projection of that trenc 
is then called for, since the objective is a1 
estimate of the rate applicable over th 
future period of comparison. 

A convenient alternative to this rather 
involved research project is to base thé 
estimate, instead, on the stream of com 
mission and court orders specifying per 
missible rates of return on the rate base 
Although the long-term trend of the ad 
judicated return has been downward, th 
range of post-war values has been fairly 
narrow. A ‘“‘fair rate’ below 5 per cent 01 
above 7 per cent is rather extraordinary 

Frequently the fair rate of return ad 
judged applicable to the rate base is sub 
stantially less than the actual rate of re 
turn applicable to first cost. In one re 
cent important and well-documentec 
case, the allowed return of 5.7 per cent or 
the rate base corresponded to an actua 
return of more than 7 per cent on firs 
cost. A thorough explanation of thi: 
difference is beyond the scope of thi 
paper; the two major reasons for it wil 
be discussed briefly. 

First is the effect of rising price levels 
In many jurisdictions, consideration i 
given to effects of reproduction cost in ar 
riving at the rate base. The effect o1 
rate of return is obvious; having arrivec 
at the rate believed appropriate for ap 
plication to the rate base, it is necessary tt 
multiply by the ratio of (rate base) /(origi 
nal investment cost) to obtain the prope 
rate for application to the original cost. 
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Table I. 


Computation of Annual Cost of Depreciation 


6 Per Cent Present-Worth Method, Group Basis, Yielding the Weighted Average Annual 


Rate=d%. 30-Year Average Life; lowa Type R; Dispersion 
Columns 
1 2 3 4 5 6 7 
rd Present Worth Present Worth 
4 Annual Present of of Annual Cost 
Jan. 1 Mean Return, Worth Annual Return, of Depreciation, 
Year Survivors Survivors Per Cent Factors Per Cent Per Cent 
DS e crarete ds « Di0000F sh sh. « 0.9956...... 6.0000..... ORO ASE crete a ssatv DOO: Janet mete 0.9392d 
Ae ee OO9LS i. cia OROBE Tier. = 5.9478..... CORE VOR Sees Bite 2 MK 2ODG teres ccc: ene ae 0.8782d 
1S) ek a OP OBZ Ie Rt). (ORS AC Sy Bie 5.8926..... OF S806. rete avcany BOATS: d.)chiecdine ee 0.8206d 
BRI terich@ iss (EY 4 a ee O96 TE ine ese 5.8356..... ONTO 21 Se onscinche A O224 itara ce sate 0.7664d 
ete, etc. etc. etc. etc, ete. etc. 
Cie Teer Cee ONOLOS 5 3s:010 he 0.0082. ..... 0.0618..... OLOBO Laas <ccire 0 0022.55 sre nveaca sis 0.00034 
ye Se OROOBT:, .s:.:.4% 0.0045...... 0.0366..... OROSAI erences OES crck wetettroue 0.0002d 
BD NENG alls apare @10020 055.55 0,0015...... OAL T4005 OFO82Re em es ON OOOG aye vist cree 0.0000d 
U4. JOS Scie OE OUON ja cere pis 010000)... ...-. 0 0006...2.,. OR OBOS ti ierernste OF 0000s sincreciclets ae 0.00004 
EEE SR he CURL UL on en ne ae Cleese Ua erence 12.6099d 
Explanation 
Column 2; Survivors at the beginning of each year for 30-year life, type Ri dispersion, from Bulletin 156, 
Iowa Engineering Experiment Station, lowa State College, Ames, Iowa. 
Column 3: Mean survivors computed as the arithmetic mean of successive January 1 values for Column 2. 
The total of Column 3 equals average life. 
Column 4: Annual return at 6 per cent of January 1 survivors (=0.06 X Col. 2). 
Column 5; Present-worth factor at 6 per cent =1/1.05%, where m =number of years per Col. 1. Obtainable 
from standard interest tables. 
Column 6: Col. 4XCol. 5. 
Column 7: Annual depreciation at d% of mean survivors multiplied by present-worth factor (=Col. 


3XCol. 5Xd%). 


Solution for d% 


Since the present worth of future annual costs for depreciation plus return throughout life is always 100% 


(of first cost): 


76 .3645% +12.6099¢% =100.0000% 


This is the depreciation annuity if net salvage is zero. 


adjusted annuity is @(100—s)/100. 


A second factor which makes the rate 
base greater than the original investment 
cost is the manner of treating depreciation 
reserves when establishing the rate base. 
Simply deducting 100 per cent of the re- 
serves amounts to recognizing that by re- 
investing these funds in the business the 
company avoids issuing a corresponding 
amount of securities on which a return 
would have to be paid, with consequent 
savings in annual costs. 

Such reinvestment in the enterprise 
involves a risk which could be avoided by 
investing the reserves, instead, in securi- 
ties suitable for trust funds. Regulatory 
authorities recognize that this course, 
while giving the investor greater security, 
also would increase rates, because these 
“riskless’’ securities earn perhaps 50 per 
cent less than an equal investment in the 
utility itself. Accordingly, management 
is induced to reinvest reserves in the prop- 
erty by being allowed a moderate in- 
crease in the rate of return commensurate 
with the greater risk. 

Some commissions, as in Missouri and 
Louisiana, accomplish their purpose by 
stipulating a ‘‘gross plant” rate base (that 
is, the depreciation reserve is not deducted 
from total plant investment), and a re- 
turn on the reserves is computed at a 
lower rate than the stipulated rate of re- 
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d=1,874% 
If net salvage is s% (of first cost, installed), the 


turn. This is equivalent to deducting 
less than 100 per cent of the reserve and 
allowing the higher rate of return on the 
resultant rate base, which is a familiar 
alternative. 

In order to reflect the effect of such pro- 
cedures on annual costs, some writers com- 
pute the depreciation annuity by assuming 
that the rate of return on reinvested re- 
serves is less than the rate of return on 
original capital investment. This ap- 
proach in economic studies should be dis- 
couraged for several reasons, as follows: 


1. It is not a faithful version of the actual 
cost behavior. Reinvested reserves take 
the place of security issues in the amount of 
the reserve, which would earn the same re- 
turn as that applicable to original invest- 
ment. The whole purpose of these rate- 
base procedures is to justify a higher rate of 
return on original investment than if re- 
serves were not reinvested. 


2. Because it underestimates the true rate 
of return, it introduces an error into the 
estimate of taxes. 


3. It complicates present-worth calcula- 
tions, which are an essential part of most 
studies. Present worths must be computed 
at the true annual cost of money, not at the 


_ rate of return on the rate base. 


As an index to the magnitude of this 
effect (that is, the increase in rate of re- 
turn resulting from reinvestment of the 
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reserve with its associated risks), a rate of 
6 per cent applicable to the rate base 
might approach 6.7 per cent of first cost, 
from this cause alone. The method of es- 
timating the true rate of return on original 
investment, given the rate applicable to 
the rate base obtained by treating the re- 
serve as described, is outlined in the 
Appendix. 


Depreciation 


The appropriate method of calculating 
annual costs of depreciation is not a mat- 
ter of opinion; the proper arithmetic is 
perfectly clear and precise. Annual cost 
of depreciation is a function of: 


1. Average life in years. 


2. The type of dispersion (that is, the 
manner in which individual retirements are 
scattered about average life). 


3. Net salvage when finally retired. 


4. The rate of return on investment. 


Such considerations as obsolescence, in- 
adequacy, wear and tear, action of the 
elements, requirements of civil authori- 
ties, maintenance standards, et cetera, are 
completely irrelevant except as they may 
help to establish average life or type of 
dispersion. The company’s method of 
accounting for depreciation, whether it 
may be “‘straight-line,’’ compound in- 
terest, sinking fund, percentage of sales, 
is of no moment whatever; the level an- 
nual cost of depreciation is entirely inde- 
pendent of such matters.*® 

The common method of applying the 
“straight-line” procedure, estimating an- 
Table Il. Short-Cut Computation of Annual 

Cost of Depreciation 


6% Present-Worth Method, Group Basis 


Yielding the Weighted Average Annual 
Rate=d%. 30-Year Average Life; lowa 
Type R; Dispersion 
Column 

1 2 3 4 
Present Worth 
of Mean 
Mean Present Worth Survivors 
Year Survivors Factors at6% Col. 2XCol. 3 


d= ( peekOO Sas Percentage return ) i 
Total Col. 4 
€ a Percentage re) 
= (s-5005-8:°) /1.03 
12.6099 


200 
=1,874 per cent 
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ANNUAL COST OF DEPRECIATION IN PERCENT OF FIRST COST 


ANNUAL COST OF DEPRECIATION IN PERCENT OF FIRST COST 


Figure 7 (above, left). De- 
preciation annuities, lowa 


Type L dispersions at 5 
per cent return 


Figure 8 (left). Deprecia- 
tion annuities, lowa Type 


L dispersions at 6 per cent 
return 


Figure 9 (above, right). 
Depreciation annuities, 


ANNUAL COST OF DEPRECIATION IN PERCENT OF FIRST COST 


AVERAGE LIFE IN YEARS 


nual cost of depreciation as the reciprocal 
of average life applied to original invest- 
ment, is a gross error in arithmetic; it 
does not reflect the cost behavior that re- 
sults from the accountant’s “‘straight- 
line” bookkeeping. The assumption that 
“Straight-line’’ depreciation must be as- 
sociated with average interest (that is, the 
full rate of return in the first year only, de- 
clining in each year to zero at the end of 
life) also is an incorrect version of actual 
cost behavior although sometimes pro- 
posed as a rough approximation. 

Table I, which is self-explanatory, de- 
scribes the computation of the level an- 
nual cost of depreciation. This procedure 
is known as the ‘‘present-worth method, 
group basis’; it yields the percentage 
which, applied to the original cost of sur- 
vivors in each year, will exactly recoup 
the first cost of plant in its lifetime. A 
less obvious but equally rigorous method 
of computation appears in Table II; it 
reduces the number of calculations by 50 
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lowa Type L dispersions at 
7 per cent return 


per cent, once mean survivors have been 
established. 

Computations were actually made in 
the manner of Table II for average lives 
of 10, 20, 30, 40, and 50 years, with re- 
turn at 5, 6, and 7 per cent, and for 15 
types of dispersion. Figures 1 to 9, 
inclusive, were then prepared, and 
values were read from the plotted curves 
for lives of 15, 25, 35, and 45 years to com- 
plete Table III. 

As in most economic problems, there is 
no question as to the correct deprecia- 
tion arithmetic; the major difficulty lies 
in the selection of reasonable starting as- 
sumptions, particularly as to average life 
and type of dispersion. Both of these 
items, being estimates of future behavior 
which will not necessarily duplicate past 
performance, are matters for fully in- 
formed judgment based on a survey of 
actual experience to date. 

Within the past decade, great ad- 
vances have been made in the art of es- 
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AVERAGE LIFE IN YEARS 


timating the life of physical plant. Al- 
though these developments have been 
largely the work of engineers, they may 
have escaped the attention of the profes- 
sion because their sponsors have usually 
been accountants. 

Choice of a statistical method for mak- 
ing life studies depends upon the nature 
of the records available, but the so-called 
“simulation”’ methods are most useful be- 
cause: 


1. They utilize data ordinarily available 
from the books of account. 


2. They reveal not only average life but 
the type of dispersion. 

38. They provide means for testing the 
trustworthiness of the estimate.>§ 

A thorough discussion of life estimates 
is beyond the scope of this paper, but a 
few words appear necessary on the per- 
haps unfamiliar subject of retirement dis- 
persion. Asin the case of human mortal- 
ity, some units in every group have longer 
lives, some shorter, than the average. 
Plotting survivors, in per cent of the 
original group, against age in years, pro- 
duces the ‘‘survivor curve’. As Table 
III demonstrates, the shape of the sur- 
vivor curve has an important bearing on 
the costs of depreciation. For example, a 
change in type of dispersion from R to Rs 
may have approximately the same effect 
as a change of 10 years in estimated life, 
as shown in Table IV. 

Authoritative contributions on this 
subject have been made by several groups 
and individuals.7~1% A codified system 
for classifying types of dispersion has been 
developed by the Iowa Engineering Ex- 
periment Station, Iowa State Col- 
lege.141516 Commonly referred to as the 
“Towa Type Curves,’’ this system has be- 
come widely accepted, and is used in the 
present paper. 

Briefly described, the Iowa family of 18 
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type curves is made up of three series: 


J. The S series, representing plant whose 
retirements are symmetrically distributed 
before and after average life. 


2. The L series, representing plant whose 
retirements occur more rapidly before aver- 
age life is reached (that is, to the left of the 


average). 


3. The R series, representing plant whose 
retirements occur more rapidly after average 
life is passed (that is, to the right of the 
average). 


Subscripts indicate the maximum an- 
nual retirement rate. Subscripts near 
zero mean a low and nearly constant rate 
of retirement until all units are gone; 
subscripts near 6 mean that all retire- 
ments occur rapidly within a brief period 
near average life. Thus, a 30-year life 
with Type So dispersion means that re- 
tirements begin at an early age and con- 
tinue at a nearly constant rate for 60 
years, the rate being a maximum at age 
30. On the other hand, a 30-year life 
with Type R; dispersion means that few 
retirements occur before age 20, after 
which retirements increase rapidly to a 
maximum rate near age 31, the last unit 
being retired at about age 40. Note that 
this is simply a generalized system of 
classifying curve shapes; it is not to be in- 
ferred that a given type curve is invari- 
ably associated with any specific class of 
plant or any particular industry. 

It is usually discovered, on reviewing a 
company’s experience, that many classes 
of plant do have a predictable dispersion 
type, well described by one of the Iowa 
type curves. Even when it can be dem- 
onstrated that past experience has not 
been entirely consistent, such surveys pro- 
vide the basis for judgment in estimating 
the future. 

Experience of different companies var- 
ies, of course, but for electrical plant, 
types approaching So to So, and R; to Rs, 
appear to be most frequently encoun- 
tered. Referring to Table III, it will be 
seen that this limits the estimate of de- 
preciation expense within a quite narrow 
range; lacking any factual basis for es- 
timate, it may be assumed that the dis- 
persion type is of that order. Such an 
approach, though arbitrary, provides a 
more rational estimate than the usual 
alternative, that is, making the assump- 
tion that all units are retired exactly at 
average life, a phenomenon that virtually 
never occurs. 

Even when estimating annual costs of a 
single unit of property, which obviously 
must be retired all at once, it is necessary 
to make allowance for dispersion of re- 
tirements. The explanation is that each 
individual unit must be regarded as con- 
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Table Ill. Annual Cost of Depreciation For Various Average Lives and Types of Dispersion 


—— 


Dispersion Average Life in Years 
(owa Type) 10 15 20 25 30 35 40 45 50 
At 5 Per Cent Return 
BL eves « OS makers DeHOU acres eis iene 1 olay 1.10.....0.93 
B2iventee DSR nears DiSlinee ce 1 40k Sen US ate OO sist. 0.75 
LS seas PABA Perting 15 t), 68i aca a NER 4 ae 1 O00; Aree 0.80....,.0.64 
OOS erat: Dil Onrenamr WN GO)raetore aU 20 serie 0.92 «rasp TE Bene 0.57 
OS nena: OU ere DR ee 3 109m ree 0..B2e cam 0.64..... 0.48 
Bieraters WOO saree ZOO na vans DO Siimvatens 1 B42 uer be © rae 0.96 
BO vase 2 BS eane:. Tis Slraraers De Or. LIS. Came 0.92..... 0.76 
Mace rae Licovaters 1.66 vier Leones 0.08 saree O.7B. cd 0.62 
O62 ie. Di As ervers POG sda Ll Srrastets 0.005. nem 6.70: cc5; 0.55 
Charge cia 2 Ov caretertr Le Oirete cere Pe Laaventete 0.84 Grae 0.66504. 0.50 
. my OO} fornlee 2 OD crevn eas DUOC sm cits JOS renters 1 (63. 4, 40. ont. 1.22 
gOS eit Git Fe Bea secrets Se2Si naa GUO wakes Zs Ora er is Dera is LOS) acre 1.3%. cee PUG ones 0.96 
OE Siem neuer Scio SE20 le here el iretear BicOliere vile OF Orn ae A eneeO cierrvars ASR niet 1 26s cape O98) eres 0.77 
1 Onion raOcy ako 8.03.. AOL yercicie 3.20,. Dead cveterete Did Oia sine rs DSO) sirens 100... 0.86.0... 0.64 
Tegeic ise stsreienel ss UieOo nietetare Arid dfenersiels HB WUES dink BirllOh eres WiiB27 tess TEAC a can 0.86. ne 0.662 0.51 
At 6 Per Cent Return 
Mnancnosoadens SOariern: BOD dc SBOn cine ZOO elon LSS: stere tems Le AO vrerctane 1 LOK. tare O99 hare 0.84 
Si... TB 2h ati ASE hcra mnie OO lean ZLB rah WSG2hitea Ml 324 reat 0. 98s.) OU78ixcon. 0.64 
Sez.. ZOD itarera ASO Tienek PARTS Gore 2.040008 STi rcforets 1 Be IP eee 0.84. cee 0.67 0.51 
Ss.. Ucttiss oa an AGO sere DSO craterare LOL restate Sect I00 eo. 0. 7bc. sree OV56 een 0.44 
Sud cokosmiee eer GO ete 4.33.. 2 DO srarctste ML ilidhsramene Vie 205. OE BCs 0.64..c08 04550 0.34 
Ru... SOEs 35 Be OT aa BeZSivce ARC als acca L Stamina DAO ciams 123i ee T0603. ce 0.89 
Rasa rycimater she: Cee thle Dee 4.75.. SD Sarnets 2-20. e ret 1.024 1 28 irre O:90 sci Q.82inin 0.66 
Rigs ie auciage aise ei Odlcarave jai 4.59..... DBs sieve 200. cise 1. 44. ess UR Uy dence 0...82 0) cae G66 .cccae 0.50 
Raters are fo Sipocic 4 AG. cise DW Or vents ad 3! eerie de I 34. niet OLOT erry 0.225 sae 0.55 52a 0.42 
I Voonoopetcoo0 cbse cts 4.88 s.she 2 ABO lentes SeS2er ee Le2Tes ONDA year 0.66 O48 ects 0.36 
LOS ais ate Ge Sr Oonhn 5,49..... Cyaan oe Vices sacs 2.25... Li83iienvees 1.56. ee 32 i644. 1.15 
dO arse icnrte Oye Bit Sinarevene ‘5 Olan SABO ned > Tae IB cs dS ODS atone WO barcrens L226) V.0405 . ore 0.86 
ea woe cniecctoriate Ue enone BROOM Cn bi SS dood B22); oar L 663.5 cre LS26 tierce 1.00 eee O.800 55h 0.65 
Gerad wa con: TOO neni ere 4. Gaeuien 2 DSi. saistere 2 05 5.0 de LAS ils i Li LOR see: 0.845 eva DEG. sai 0.51 
einen serie re 545.0) 6s BA ois yp DM Ginuessielt DBS cisco DCA erences Or OD rr are 0.683 O60. nes 0.37 
At 7 Per Cent Return 
Seanaotog103c TITS ie cot ee A aecrcnin Ovid! Sere Ae Ao as Cu dt Gs atc i go lorcet 1 09% Or BBies a 0.76 
Sicaswcapiee « Winn aver 4.54..... ZABO ects ROO wns BAG chert dnb t ceria O.86taiee. O69. ak 0.55 
Se.. iv Boucher 4. 88[5. cab BBG crores P80. cds 1 4! a a TLxQ Us). ctioe O.7Oes. : 0.57...0.0.41 
Sasaesinerentee (hee Uae cies 4: 20ers 2 D4 Sat 1 HY Unsere trey 10S: ee OVSSuN oe O.} Gist BO nesicucrs, 0.34 
PS ropaiona spaced iO 2reneree ce 403) cane PAR Sits cen Le Oa ventas OS tes OLVOl tan O..50' Seer 0.35.....0.25 
Ri.. Af foth noon Ai Sonica SS aoe 2.28.0 as L588 aa it SSercr;. 1. TS Sie GO. 975i a 0.83 
Re.. esd Sic otciiey Aon owes Diao civtetels Me UAC G LS 46r. hier UTOT aon 0.88) caer O.7Osnead: 0.58 
Rg sae siehere teres Chae A Gerninns BE o 6 sole VIE VP omen BE OOS ost Ts2@ivrcare ON OS r cate 0.69 G.635 ser 0.41 
DS VS cha ATER WeLOret uel 21 Oe 2, DOK 10 Li 6br eae 4 Oe ee One OOo 0). 69'S 0.42..... 0,32 
RG eters 7 O6see08 A lO er 7 Fon ENP LST steve L OF sake OsVaitane 0. . 625 O. St aeumk 0.27 
ep cietiem ronnie thse 8.35.8 bag Oty iA S2B2iorctels Be sie laias 2 UB eviews UST Shear 1 .afaeee We2Gir. ats 1.09 
Mit onalSiso 4 YR AOD irene On 2 lane ts eT Teena 1-39 1 DSerseree idee Kenai ei 0.75 
Daiaiees pusittiste ateys a OO ase wee 4.60..... 2.90 eee 2.04..... LAO els LU 2r oes 0.87 cee 0.69).....0° 0.55 
DUg ae eka ide tevete:. ae Maks BO heres BAO’ vier 2 GS LS 2 eens PE 2Ok sree OF8ST nr 0. 71 aoe 0..58. ae 0.41 
cei jereeteraretere TOD. cic ccte AO cer 2.445000 PO 2) rere ES eee CY i ibrirecesa 0.547 ene 0: 40ers 0.28 


*In per cent of first cost of investment, before adjustment for salvage. 


forming to the average behavior for the 
group to which it belongs; there is no 
statistical justification for any other 
treatment of the average-life estimate. 

This also applies when the individual 
unit is the only one of its kind, so that the 
estimate represents probable, rather than 
average, life. For example, when the es- 
timator places probable life at 30 years, he 
reasons somewhat as follows: 


“Less than 15 or more than 45 years is 
possible, but most unlikely. In fact, it will 
be rather disappointing if it lasts less than 
20 years, and gratifying if it serves for 40. 
So, if I must commit myself to one most 
probable figure, the estimate is 30 years.” 


This is a good description of the normal 
curve of probability, with a mode at 30 
and limits near 15 and 45 years. How- 
ever, the most probable annuity is not 
that corresponding to 30-year life, with 
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no dispersion. It is the annuity for 30- 
year life and the dispersion type whose 
frequency curve answers the quoted de- 
scription—approximately Type S:. Ac- 
cordingly, it is recommended that Iowa 
Type S; be assumed to apply in estimating 
depreciation costs for a single unit when 
its group behavior is not determinate. 

Table I indicates the manner of adjust- 
ing the depreciation annuity for net 
salvage; for example, if net salvage is ex- 
pected to be 10 per cent of first cost, in- 
stalled, then the adjusted annuity is 90 
per cent of the unadjusted rate. 

The allowance for salvage is usually 
small but reasonably predictable for many 
types of plant. For example, almost all 
utilities realize appreciable net salvage on 
retirement of transformers, overhead con- 
ductors, underground cable, and auto- 
mobiles. Removal costs usually exceed 


AIEE TRANSACTIONS 


REVENUE———_- 


TAXABLE INCOME 


TAXES REINVESTED BOOK CHARGES CREDITS OPERATION, 
ON RESERVE FOR MAINTENANCE, 
GROSS DEPRECIATION REINVESTED AND OTHER 
RECEIPTS RESERVE EXPENSE 


gross scrap value for buildings, generating 
equipment, switchboards and _ control 
equipment, poles, and towers; in such 
case, the salvage adjustment increases the 
depreciation annuity. 

Land is customarily treated as nonde- 
preciable for purposes of financial state- 
ments. Nevertheless, if the period of 
ownership is anything less than infinite, 
the annual costs of ownership do actually 
include the equivalent of depreciation 
costs, perhaps better called ‘‘amortiza- 
tion” in this instance. Ordinarily, how- 
ever, the period of ownership is so long 
and “‘salvage”’ values so high that any al- 
lowance for costs in the nature of depre- 
ciation expense on land would be rather 
academic. 

In preparing estimates of annual de- 
preciation costs for a composite property, 
that is, one made up of different kinds of 
plant, perhaps including land, each type 
of property should be treated separately. 
The estimate of a single average life for 
the composite property introduces ex- 
tremely complicated problems without 
any compensating advantages. If pos- 
sible, the several types of plant should be 
grouped according to the standard classi- 
fication of accounts, which is the usual 
convenient basis for statistical analyses 
of life experience. 

In view of the fact that the great major- 
ity of textbooks seem to indorse the 
“straight-line” estimate of depreciation, 
it appears desirable to comment on the 
shortcomings of that procedure in econ- 
omy studies. 

Its outstanding defect is that the 
“straight-line’’ method does not result in 
a constant annual percentage. In the 
first year of life, the annual cost is equal 
to the bookkeeper’s entry, which is the 
first cost divided by average life. (For 
‘convenience, zero net salvage is here as- 
sumed.) But in subsequent years, the 

bookkeeper divides average life into an- 
nual survivors (existing plant per the 
books), which are less than the original 
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investment. In other words, the book- 
keeping procedure automatically takes 
care of the dispersion of retirements, 
which fact must be recognized in the cost 
analysis. 

Also, in every subsequent year, the 
accumulated reserve is reinvested in the 
property; it is not ordinarily returned to 
the investors, nor used to retire outstand- 
ing securities. Consequently, it does not 
reduce the return on original investment. 
But it does serve to acquire additional 
plant without issuing additional securi- 
ties; the return on these avoided securi- 
ties is a real saving, and it represents a 
reduction in the cost of depreciation. 

Accordingly, under “‘straight-line’’ 
bookkeeping, the annual costs of depre- 
ciation consist of two components: 


1. The bookkeeper’s entry, equal to sur- 
viving investment divided by average life, 
less 


2. The credit for return on security issues 
avoided by reinvestment (that is, the result 
of deducting reserves in obtaining the rate 
base). 


The net result is a relatively high per- 
centage cost in the early years, which 
decreases with age. The level weighted 
average of these nonuniform annual costs 
is exactly equal, to the penny, to the 
“present-worth method, group-basis” an- 
nuity described in this paper. 

Computation of the true “‘straight- 
line” costs, year by year, is extremely 
laborious; the application of such a non- 
uniform rate to practical problems is awk- 
ward; precisely the same final answer to 
the economic comparison is obtained by 
use of the simpler approach here de- 
scribed. 

On the rare occasions when reserves 
are actually invested in securities, it must 
be recognized that costs of depreciation 
are greater than if reinvested in utility’s 
own plant. Present-worth computations, 
in such cases, require special considera- 
tion. A suggested treatment is outlined 
in the Appendix. 
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INTEREST 


Figure 10. Flow chart of 
annual costs 


OIVIDENDS 


Taxes 


Taxes are conveniently classified into 
four general types, each requiring a dif- 
ferent treatment: 


Income taxes. 

Taxes applied to gross receipts (sales). 
Real-estate and capital-stock taxes. 
Payroll taxes. 


Seed aes 


INCOME TAXES 


Income-tax laws may vary from time to 
time, with respect to both the tax rate 
and the statutory definition of taxable in- 
come. The present federal tax rate is 45 
per cent; taxable income is substantially 
revenues less all operating and main- 
tenance expenses, interest on bonded in- 
debtedness including amortization of debt 
discount and expense, and taxes other 
than federal income tax. Depreciation 
allowance deductible is permissibly com- 
puted as the reciprocal of average life. In 
other words, income taxes are a function 
of the return on investment, but taxable 
income is not identical with annual re- 
turn nor with net income. 

It is, of course, impossible to anticipate 
with assurance either the future tax rate, 
or continuance of the present statutory 
basis for its computation; the estimator 
has no recourse except to rely on his fully 
informed judgment. However, to illus- 
trate the proposed approach, let it be as- 
sumed that a weighted average future 
rate has been estimated at 40 per cent, 
and that taxable income will continue to 
be defined as at present. 


Taxable income =(i-+d—100/L) X 
(1—Bb/i)+ Federal Income Tax 


where 


4=annual rate of return, in per cent of in- 
vestment 

d=level depreciation annuity, in per cent of 
investment 

L=average life, in years 

B=ratio of bonds to total capitalization 

b =rate of interest on bonds 


Table iV. Annual Cost of Depreciation 


From Table Ill: Return at 6 Per Cent 


Annual Cost 
of Depreciation 


Type of 
Dispersion 


Average Life, 
Years 


Then: 


Federal income tax = Statutory rateX 
taxable income 
=0.40[(i+d—100/L)X 
(1—Bb/i)+Federal Income Tax] 
For example, if: 
4=6.00 per cent 
d=1.90 per cent 
L=80 years; 100/L =3.33 per cent 
B=50 per cent 
be4 per cent 
Federal Income Tax =0.40[(6.00+ 
1.90 —3.33)(1—2.00/6.00)+ 


Federal Income Tax] 
= 2.03 per cent of investment 


Two common errors with respect to in- 
come-tax estimates deserve attention. 
First is the opinion that they should be 
omitted entirely because they are a func- 
tion of revenue rather than investment. 
Such reasoning overlooks the basic ob- 
jective of the whole economic study—to 
estimate the difference in revenues arising 
from alternative installations. 

Second is the view that maintenance 
costs constitute a source of income-tax 
savings. That is, an additional dollar of 
maintenance expense reduces taxable in- 
come, and hence reduces income taxes 
accordingly. 

Reference to Figure 10 reveals the 
flaws in both conclusions. Annual rey- 
enues, coming in from the left, supply 
the annual costs tapped off at the right, 
The book charge to depreciation is the 
only item not actually disbursed to others; 
being plowed back into plant, as indi- 
cated, its net effect is found by subtract- 
ing credits for earnings on reinvested re- 
serves. After deduction of all expenses, 
the remainder is available for return on 
the investment, partly tax-exempt in- 
terest. Income tax is applied to the tax- 
able return. 

Since it is annual return, and not rev- 
enue, that is a fixed percentage of in- 
vestment under any alternative, the tax 
is obviously a function of the investment. 
Also an increase of one dollar in main- 
tenance expense obviously increases the 
revenue requirement accordingly. 

Many states levy income taxes. In 
such cases, it is necessary to ascertain the 
statutory definition of taxable income, 
particularly as to whether federal income 
tax is deductible. The computation is 
then performed in the same general man- 
ner as for the federal tax, above. 

In the light of current attitudes of tax- 
ing bodies with respect to the definition of 
excess profits, it is probable that no pro- 
vision should be made for excess profits 
taxes. However, should a statutory pat- 
tern evolve in the future which relates 
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such taxes to earnings, they should be in- 
cluded in the annual costs regardless of 
any rational justification for use of the 
phrase ‘‘excess profits”’. 


Taxes APPLIED TO GROSS RECEIPTS 
(SALES) 


Various taxes are levied on the gross re- 
ceipts of some utilities, including gross re- 
ceipts taxes in lieu of personal property 
taxes, franchise taxes, sales taxes, and the 
excise tax on electric energy for domestic 
or commercial consumption. 

An appropriate way of dealing with 
such taxes is to estimate their future rate 
in “‘per cent of gross receipts before gross 
receipts taxes’; the total of annual costs 
other than gross receipts taxes is then to 
be increased by that percentage. 

The estimated tax rate, as a per cent of 
gross receipts, is readily converted into a 
percentage of first cost as follows, if de- 
sired. 

et: 


T,=tax rate in per cent of investment cost 

G=tax rate in per cent of gross receipts 

a=total annual costs, in per cent of invest- 
ment costs, exclusive of gross receipts 
taxes 


Then 
T, =G(a+T,)=aG/(1—G) 


As before, G is the weighted average 
rate anticipated throughout the period of 
comparison, which is not necessarily the 
same as the current rate. 


REAL-ESTATE AND CAPITAL-STOCK TAXES 


Little need be said concerning real- 
estate and capital-stock taxes beyond em- 
phasizing the nature of the ultimate ob- 
jective, that is, an estimate of the annual 
dollars actually payable under the alter- 
native plans. Asan annual rate, they are 
to be expressed as a percentage of invest- 
ment cost. Thus, in the case of real-es- 
tate taxes, it is obviously incorrect to use 
the stated tax rate applicable to assessed 
value. 

If future changes in the tax rate are 
predictable, the equivalent average rate 
throughout the period of comparison can 
be obtained by means of present-worth 
calculations discussed in a companion 
paper.® 


PAYROLL TAXES 


The so-called ‘‘payroll taxes” (federal 
old age benefits tax, federal unemploy- 
ment insurance tax, state unemployment 
insurance tax) are assessed as a percent- 
age of labor costs entering into operating 
and maintenance expense. They are not 
ordinarily included in book figures for 
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“ 
operating and maintenance expense, but 
are accounted for separately. For this 
reason, and because their amount is small, 
they are commonly overlooked. How- 
ever, they are a real expense, and are 
preferably handled as an addition to 
timated operation and maintenance per- 
centages. 


or (em 


Insurance 


It is common practice to buy insurance 
on some types of plant. Whenitis know 


sure specific plant (fire, boiler, flywheel, or 
plate glass insurance), the appropriate 
percentage to be included in annual 
charges for that particular plant is ob- 
tained by dividing the annual premium by 
the investment involved. The result is 
ordinarily substantially less than the 
stated premium rate, since the value in- 
sured is commonly considerably less than” 
the first cost, and also decreases with ag 7 
according to some arbitrary rule. The 
experience of the company in this regard, 
together with application of present- 
worth arithmetic, is the source of the ap-) 
propriate percentage for the present ap- 
plication. q 

Other types of insurance quite unaf- 
fected by the choice of alternative instal- 
lations, for example, public liability in- 
surance, fidelity bonding, and the great 
bulk of self-insurance, should be ignored 
for the present purpose. | 


Conclusion 


The phrase “annual carrying charges” 
is used herein to mean annual return on 
investment, depreciation, taxes, and in- 
surance. These costs are most conven- 
iently estimated and applied as a level 
annual percentage of first cost of the in- 
vestment, the percentage being different 
for different types of plant. Also, chang- 
ing economic conditions necessitate peri- 
odic reviews of such estimates; despite the 
familiar use of the term “‘fixed charges” to 
describe them, they do not necessarily re- 
main a fixed percentage of first cost. 

The ultimate objective of economic 
comparisons is to forecast the annual 
dollars of revenue that must be forthcom- 
ing in order to cover the costs involved in 
alternative plans, in other words, dif- 
ferential annual costs. P 

A sharp distinction must be observed 
between the rate-making process, which 
undertakes to allocate.current costs on a 
nondiscriminatory basis, and actual cost 
behavior. The present paper descri 
and discusses appropriate methods 
estimate. : 


f 
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_ Appendix. Effect of Reserve 
Reinvestment on Rate of Return 


As noted in the text, it is the practice of 
some writers to estimate the return on rein- 
vested reserves at a lower rate than the 
nominal rate of return on the rate base. 
The purposé of this is to reflect in the cost 
estimate the increased rate of return on first 
cost of investment which is associated with 
reinvestment of reserves in the utility’s 
plant rather than in trust funds. An 
jequivalent procedure is to apply the nominal 
irate of return to a rate base computed by 
deducting less than 100 per cent of reserves 
from total plant, instead of applying it to 
actual first cost. 

The preferred procedure in economic com- 
‘parisons, for the reasons noted, is to derive 
the actual rate of return on the investment, 
which also is the actual rate of return on re- 
invested reserves, and to ignore the nominal 
rate of return on the rate base. One im- 
‘portant reason for this recommendation is 
the resultant simplification of present- 


worth calculations, which enter into almost 


all economic comparisons. The following 
‘section of this Appendix indicates how the 
actual rate of return on investment may be 
derived from an estimate of the nominal rate 
of return plus hypothetical depreciation, 
assuming reinvestment of reserves at the 
lower rate. 


DERIVATION OF THE ACTUAL RATE OF RE- 
TURN ON INVESTMENT FROM THE RATE 
OF RETURN ON THE RATE BASE PLUS 
THE DEPRECIATION ANNUITY WHICH AsS- 
SUMES THAT THE RESERVE EARNS A 
LOWER RATE OF RETURN 


Given: 


i’=nominal rate of return (return on rate 
base) =6.0 per cent 


Discussion 


M. J. Steinberg (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
This paper discusses methods for calculating 
those items which are generally grouped to 
constitute the ‘‘annual carrying charges’’ or 
“annual fixed charge rates” which are appli- 
cable to investments and which must be 
established to permit the economic evalu- 
ation of alternate proposals. Because of 
the excellence of the paper it is hoped that it 
will induce the constructive discussion 
which it merits. 

_ In order to confine this discussion within 
reasonable limits, comments only on the 
author’s methods of calculating the annual 
return on the investment and the annual 
cost of depreciation will be offered. The 
paper describes a method of approach appli- 
able to a group of property units having a 
ecific survivorship dispersal. With re- 
ect to depreciation, a method is described 
hich “‘yields the percentage which, applied 
o the original cost of survivors in each year, 
l exactly recoup the first cost of plant in 
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d'=depreciation annuity for reserve rein- 
vested at 3.0 per cent (assume 30- 
year life, Iowa type So dispersion, 
zero net salvage) 
=2.41 per cent, computed in the manner 
of Table I 


Required: 


7=actual rate of return on investment 

d=depreciation annuity for reserve rein- 
vested at z per cent (assume, as 
above, 30-year life, lowa type Sp dis- 
persion, zero net salvage) 


Solution: 


t’ =6.00% 

Gaal 

i’ +d’ =8.41%=i+d 

From Table III 

If +=6.00%, d=1.85% and i+d=7.85% 
If <=7.00%, d=1.71% and 7+d=8.71% 
Interpolating for i+d=7’+d’=8.41%: 


8.41—7.85 0.56 
= = 0.65; 


8.71—7.85 0.86 
i=6.00+0.65=6.65% 


0.65(1.85—1.71) =0.09; 
d=1,85—0.09 = 1.76 


i+d=8.41% 
CONCLUSION: 


The actual rate of return on investment 
( =6.65 per cent) should be used in compiling 
annual costs, in estimating income taxes, in 
present-worth calculations, and in other 
economic studies. 
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its lifetime.’ It is pertinent to note that 
this percentage is not applied to the first 
cost of plant or to total initial investment, 
but to the original cost in each year propor- 
tionate to the survivors. The effect is a 
nonuniform annual cost of depreciation. 
This, it is believed, differs from the custo- 
mary practice of developing a depreciation 
rate which applied to the total initial in- 
vestment will result in an equivalent uni- 
form annual cost. 

The annual cost of depreciation combined 
with the annual return on investment has 
been defined as the annual recovery of capi- 
tal with a return, more commonly referred to 
as “capital recovery,” which is fixed in value 
by the period for amortization and the rate 
of interest on money. 

The application of capital recovery factors 
to present worth values permits conversion 
of nonuniform annual values to equivalent 
uniform values. Applied to the present 
worth value of the annual cost of depreci- 
ation as determined from Table I of the 
paper, assuming a 60-year amortization 
period and 6 per cent interest rate, gives, 


(100% — 76.3645 % (0.06188) = 1.4626% 
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A similar application to the present worth 
value of the annual return, gives, 


76.3645 % X 0.06188 = 4.7254% 


The above values applied to the initial 
total investment would give uniform annual 
values for the cost of depreciation and re- 
turn, respectively, equivalent to the non- 
uniform values shown in Table I of the 
paper, and would in this case be the appro- 
priate values to use in determination of the 
total annual fixed charge rate. 

It is pertinent to note that for the purpose 
of establishing the fixed charge rate for re- 
turn and depreciation there is no need for 
the computation shown as Column 7 of 
Table I, since the present worth of the 
annual costs of depreciation can be obtained 
by differences. Thus 


Capital recovery rate =6.1880% of initial 


investment 
Return =4.7254 
Depreciation =1.4626% 


If the method of Table II is employed, the 
fixed charge rates can be obtained as follows, 
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Present worth of depreciation = 12.6099 X 
1.874% =23 .6355% 
Fixed charge rate for depreciation 
=23 .6355X0.06188 =1.4626% 
Fixed charge rate for return 
=6.1880%—1.4626% =4.7254% 


Referring to Table I of the paper it is 
noted that the annual returns (Column 4) 
are expressed in per cent of January 1 sur- 
vivors, while the annual costs of depreci- 
ation are expressed in per cent of mean sur- 
vivors for each year. While it is recognized 
that for statistical purposes the use of mean 
survivorship is quite common in practice, it 
seems inconsistent not to use the same basis 
with respect to the annual return. 

With reference to Table III of the paper, 
the tabular values can serve as helpful data 
for determination of the nonuniform annual 
costs of depreciation. It is our opinion that 
the corresponding present worth values or 
preferably the corresponding fixed charge 
rates derived as indicated in this discussion, 
would be very useful. 

The short cut method for computing the 
annual costs of depreciation shown in Table 
II is a handy tool. It is suggested that the 
author supply the derivation of the equa- 
tion, shown at the bottom of this table, in 
his written closure for the benefit of in- 
terested readers. 

In conclusion, we wish to compliment the 
author for the excellent quality of his paper. 
Our purpose is not to be critical but rather 
to offer some supplementary thoughts on a 
subject which does not enjoy unanimity of 
opinion. It is our position that studies 
leading to the publication of recommended 
practices under Institute sponsorship would 
be very beneficial in resolving such differ- 
ences of opinion. 


Maurice R. Scharff (Consulting Engineer, 
New York, N. Y.): ‘As in his companion 
paper! the author has performed an out- 
standing service in presenting so clearly the 
application of the concept of the present 
worth or the time cost of money to the treat- 
ment of annual carrying charges in economic 
comparisons of alternative facilities. In 
particular, his demonstration of the error of 
omitting income taxes from consideration in 
economic comparisons and of the equiva- 
lence of the income tax to an additional 
fixed charge on investment, particularly in 
the public utility industry, is of major im- 
portance. The writer can testify from his 
own experience both as to the controlling 
effect which this factor may have in drawing 
sound conclusions from economic compari- 
sons and as to the frequency with which it is 
left out of account even by experienced 
engineers. 

The author’s presentation also provides 
occasion for calling attention to the effect of 
prevailing high corporate income tax rates 
in confiscating a large proportion of savings 
in expenses that can be accomplished by 
substituting modern efficient equipment for 
obsolete inefficient equipment and in thus 
discouraging replacements and improve- 
ments in efficiency. 

A word of caution should perhaps be said 
against any conclusion, which the writer is 
sure the author did not intend, that because 
he made use of the extremely valuable dis- 
persion curves developed by the Iowa 
Engineering Experiment Station in certain 
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of his examples, these curves are superior or 
more generally applicable than those con- 
tributed by the other groups and individuals 
to which reference is made in references 7 to 
13 inclusive of the paper. To these refer- 
ences it might be helpful to add the groups 
of standard dispersion and reserve require- 
ment curves developed from time to time by 
the staff of the New York Public Service 
Commission, of which the current series 
known as the H-type curves have been 
widely used by the staff of that Commission 
and the public utility companies operating 
in New York State. 


REFERENCE 


1. See reference 3 of the paper. 


John E. Girard and Hubert M. Langlois 
(Department of Water and Power, Los 
Angeles, Calif.): As a prelude to presenta- 
tion of points of comment, and for discus- 
sion, we emphasize the fatt that the purpose 
of depreciation accounting is solely to re- 
cover original investment, and no more and 
no less. Such recovery involves the deter- 
mination of annual costs, and regardless of 
the methods utilized, the allocation of the 
costs across the years of usable life. De- 
preciation lives inherently involve two com- 
ponent aspects, namely, one which is deter- 
mined by structural or so-called physical de- 
preciation, and another which is determined 
by functional depreciation. The physical 
life aspect is more readily estimated, based 
on patterns of past experience, than is func- 
tional life. Yet, even the former is subject 
to variations resulting from changes in prac- 
tices or conditions during the use of the 
equipment, and is inter-related with changes 
made in the program and practices of main- 
tenance and partial replacements, and it is 
also subject to changes in the art which 
provide new methods for extension of the 
lives of existing equipments. On the other 
hand, the inflationary times through which 
we are going may either extend or shorten 
the functional lives of equipment, dependent 
upon change in the economic factors, as may 
be affected by inflationary investment ver- 
sus inflationary operation costs. Numerous 
authorities have indicated that functional 
depreciation is apt to, and is likely to, exceed 
in many instances, the effects customarily 
related to physical life, factors consisting of 
wear, tear, or decay. 

An examination of the subject paper, by 
no means detailed by us because of time 
limitation, nevertheless resulted in general 
reactions which may be summarized as 
follows: 

1. The over-all tenor of the presentations, 
particularly with respect to depreciation 
costs, but also true of other items, is to imply 
that such costs may be reduced to a mathe- 
matical preciseness covering fairly long 
periods of time on the basis of various ele- 
ments which in themselves involve estimates 
relative to the future. The possibility 
should be recognized that the comparative 
results of the over-all summations may be 
completely reversed if only fairly small 
errors are involved in the basic assumptions 
as to proper rates of return, direct operation 
and maintenance expenses, and other ele- 
ments of costs, particularly those which are 
influenced through the estimates of deprecia- 
tion lives. Unless the comparative results 
are conclusively in favor of one plan or the 
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other by a fairly wide margin (which cer- 
tainly will not always be the case), then no 
great deal of reliance can justifiably be 
placed upon the comparison. Sound engi- 
neering management judgment, after all, isa 
highly important element in such studies 
with respect to depreciation studies, it 
would be a marked aid to final judgment if 
there were not used a single estimate of 
probable life, but lower and higher values 
within reasonable limits of deviation in 
order to produce in the studies alternative 
effects covering a range of possible error. 
2. In arriving at what is stated as an 
“annual cost of depreciation,” it has been 
assumed that such cost is a function, among 
other things of “rate of return on invest- 
ment.” This conclusion is at variance with 
a fair segment of regulatory thinking. It 
ignores the fact that funds from depreciation 
reserve accruals over a long period of time 
often must wait the completion of plans and 
the starting of construction before ‘‘plowing 
back’’ or ‘‘reinvesting’’ such recovered 
capital in the enterprise; to this extent de- 
preciation money takes on in part the char- 
acter of short-term funds commanding some- 
what lower interest earning rates than fixed 
utility investments as a whole. 

The foregoing factor, coupled with the 
fact that ‘‘fair rates of return” in an over-all 
sense for utility operation are never firm or 
assured over long periods of time, forms the 
principal basis for using, in sinking fund de- 
preciation accounting, interest rates which 
should not be higher than the general levels 
of over-all ‘‘rates of earned return,’’ and in 
no event lower than the going rate of in- 
terest on long-term debt; rational choice 
related to specific utilities usually results in a 
choice of interest rate for depreciation re- 
serves (sinking fund basis) somewhat lower 
than the “‘rates of earned return.” | 
3. For purposes of the paper, computation 
examples were set up in terms of estimated 
dispersion of retirements in accordance with 
certain typical form curves developed by the 
Engineering Department of Iowa State 
College. While, for purposes of long-term 
alternative economic studies, the treatment 
is probably satisfactory theoretically, it 
should be clearly recognized that in the end 
result for long-term economic studies it is 
subject to limitations of accuracy respecting 
costs and estimates, upon which comment 
has previously been made. 

However, one should not conclude that 
use of factors of ‘‘Survivors,” ‘““Mean Sur- 
vivors”’ and calculations predicated thereon 
(see Table I) and embodying inherently a 
“remaining-life’’ concept, is necessarily 
appropriate or even acceptable in actual 
practice for depreciation accounting. Such. 
method has been suggested for applica- 
tion in certain recent cases under Califor- 
nia Utilities Commission jurisdiction but tc 
date has been rejected for a variety of rea- 
sons. Among these reasons are the com: 
plexities and confusion which would be in. 
troduced into the handling of ordinary de: 
preciation accounting; in addition, the 
method would involve practically annua 
and continuing review of plant records anc 
depreciation scheduling with the concomi. 
tant increase in actual expenses thus adding 
to the burden of costs necessarily borne by 
the rate payer. zg ,; 

No particular advantages have beet 
demonstrated in the methods proposed. 

4. Relative to rates of return, there is ¢ 
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reference to the term ‘‘rate base,’ and there 
‘is a failure to recognize, or at least clearly 
state, the fundamental element of distinc- 
tion between the terms “rate base’’ and 
“{nvestment in plant.’’ Regulatory juris- 
dictions, in determining a rate base upon 
which return can be appropriately predi- 
cated, customarily recognize, in addition to 
plant investment, important allowances for 
working capital, including appropriate 
‘amounts necessary for maintaining ma- 
terials and supplies needed to carry on 
operations. Inasmuch as the term ‘rate 
base” has been used in the paper, it seems 
essential that specific mention be made of 
the distinction and that the two terms are by 
no means identical. 

: While discussing the aspect of deprecia- 
tion costs in economic studies, the paper im- 
plies that the computation of depreciation 
annuities (sinking fund) assuming return on 
reinvested reserves to be less than the ordi- 
nary over-all return on original invested 
capital is in effect “not a faithful version of 
utility cost behavior.’ Specifically, it is 
stated that ‘‘the whole purpose of these rate 
base procedures is to justify a higher rate of 
return on original investment...’’ An al- 
most exactly contrary conclusion is indicated 
by the record and evidence of many regula- 
tory jurisdictions, and in particular by that 
of the California Commission. 

5. Economic studies of alternative pros- 
pective investments warrant a distinction 
being made as between those investments 
which are of more or less routine character 
and of continuing type of addition, such as 
poles, meters, distribution transformers, 
small substations, et cetera, and those which 
are of major magnitude, such as for large 
power sources, and occurring at periodic but 
irregular intervals in a utility’s history. 
The very nature of the routine and continu- 
ing additions is such as to give the utility a 
wealth of experience in service lives of such 
facilities and in their dispersion patterns, 
and which are subject to precise mathe- 
matical treatment. However, such records 
relate to the past, and those results relative 
to the future are subject to changes in the 
art. In the continuing type of routine addi- 
tions, new developments or methods may be 
readily tried out by the utility on a rela- 
tively small scale, and the experiences of 
other utilities and the estimated value of 
new methods may be judged with much less 
effect on the utility’s operations. On the 
other hand, projects of major magnitude, 
such as a major power source installation, 
comprising a 10 to 15 per cent or even 
greater expansion in the utility’s total plant 
investment, require extremely careful con- 
siderations relative to the impact of the in- 
stallation on the financial and operating 
requirements, and of immediate effect on 
rates. 

6. These observations are not intended to 
negate in any way stimulation to thinking 
by engineers and others on the subject 
afforded by the papers submitted by Mr. 
Jeynes, nor are they intended to negate the 
desirability of having recourse to all of the 
past experiences, to tabulations of service 
lives, (inclusive of dispersion patterns), and 
to mathematical analyses thereof, but to 
emphasize that they are not to be relied upon 
as sole criteria for estimating the future. 

_ As indicated hereinbefore, judgment con- 
siderations are involved, and the inter- 
relationship of many factors; also such 
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judgment considerations are highly im- 
portant, and may be required in greater de- 
gree in one type of investment consideration 
as against another. 


F. L. Lawton (Aluminum Laboratories, 
Ltd., Montreal, Canada): The author has 
presented an excellent and very lucid treat- 
ment of that aspect of economic comparison 
of alternative facilities concerned with an- 
nual carrying charges; the paper should help 
clarify the thinking of engineers concerned 
with economic evaluations of alternative 
facilities. 

The author’s opening paragraph to the 
effect ‘‘...economic comparison of alterna- 
tive facilities means an estimate of the effect 
on future revenue requirements by adopting 
one plan of action instead of some alterna- 
tive. The economic choice is the plan 
which will result in minimum revenue re- 
quirements...that is, the minimum com- 
pensatory selling price. ..after all costs have 
been covered, including an adequate return 
to owners of the business....’’ is excellent. 
However, there are other criteria, such as a 
comparison of optimum net earnings, which 
would involve a comparison of present 
worths of the probable future net earnings. 

It should be recognized that the general 
subject of this group of papers is not con- 
fined to the regulated public utilities, which 
constitute a special aspect of the over-all 
problem of economic comparison of alterna- 
tive facilities. 

When considering the trend of the future 
rate of return and the factors influencing 
such, attention should be given to those in- 
fluencing factors such as governmental pol- 
icy, political trends, state of international 
affairs, rate of technological improvement, 
and availability of capital. Other aspects 
of this phase of the author’s presentation 
warranting consideration are rising price 
levels versus decreasing price levels. Rec- 
ognition must be given to the over-all 
fluctuations experienced during the ordinary 
life of most production facilities. 

The effect of reinvestment of depreciation 
reserves must be studied in line with the 
premise that ensures the optimum net 
earnings for the investment. At times it 
will pay to reinvest in the business. On 
other occasions, withdrawal of capital or 
investment in outside facilities may be 
warranted. 

Depreciation is a function of obsolesence, 
inadequacy, wear and tear, action of the 
elements, requireraents of civil authorities, 
maintenance standards, et cetera. How- 
ever, in the true sense, depreciation should 
reflect the annual loss of service value of the 
facility. Prediction of the annual cost of 
depreciation is difficult because of the in- 
fluences stemming from governmental and 
financial origins, irrespective of the exact- 
ness of mathematical determinations. It is 
very doubtful if many facilities have been 
written off in accordance with any one 
method, due to such factors as change of 
management, change of ownership, effect of 
accelerated write-offs during war, or de- 
pressions. Influence of these factors must 
be recognized, with the knowledge that any 
one plan is not likely to achieve universal 
acceptance. That is, each enterprise and 
each unit thereof must be treated in accord- 
ance with the particular circumstances con- 
cerning it. 
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Herbert B. Reynolds (J. G. White Engineer- 
ing Corporation, New York, N. Y.): As 
pointed out by Mr. Jeynes, the life of equip- 
ment is a major factor in estimating the 
annual carrying charges in making economic 
studies. However, the determination of the 
life of equipment is generally based on 
guesses backed by judgment. 

In order to have data available which at 
least could be a guide in estimating the life 
of equipment, it has often occurred to me 
that it would be worth while for some of the 
technical organizations which collect statis- 
tics, such as the Edison Electric Institute, to 
collect data from users giving the life history 
of their major pieces of equipment whenever 
such equipment is retired from service. 
For example, in the case of a turbine such 
information should include date of installa- 
tion, date of retirement from service, size of 
unit, steam conditions, output of unit during 
each year of its life, et cetera. 

The collection and compilation of such 
data over a period of years should result in 
very useful information and would be 
equivalent to the information which the life 
insurance companies collect relating to the 
life of the human being and which is essen- 
tial in establishing premium rates. 


A. E. Knowlton (Eelctrical World, New 
York, N. Y.): From the papers presented 
at this session, one could as likely draw con- 
fusions as to draw conclusions. It is evi- 
dent that there is reasonable agreement on 
the major premises but comparatively little 
unanimity on the interpretation of the de- 
tails. This is quite to be expected when 
engineers begin to delve actively in a realm 
previously reserved largely for the actu- 
aries, accountants and rate specialists. 

There is ample excuse for us engineers to 
examine our respective methods of deter- 
mining comparative costs for alternative 
ways of meeting a given engineering prob- 
lem. Nor is there any reason why they 
should follow the prescribed techniques of 
accountants. Their task is to evaluate 
present worth of some engagement that may 
stand as a commitment for 20, 30, 50, or 
even 100 years. 

It is extremely desirable that the various 
procedures exemplified by the papers be re- 
solved toward uniformity. There are three 
good reasons for a degree of standardization: 
1. It is due to investors in the enterprise 
that their money be spent as wisely and as 
advantageously as possible. The equip- 
ments purchased and system configurations 
decided should be based on as sound a tech- 
nical-economic basis as possible. 

2. It is due to the manufacturers to know 
how the criteria for competitive selection of 
apparatus on an economic worth basis differ 
from company to company, or better yet, 
the degree of uniformity in establishing these 
criteria. 

3. It is due to the rate-payers and regula- 
tory authorities to have uniformity in judg- 
ment on the part of the regulated utilities in 
making expenditures that have to stand the 
test of prudence. Otherwise the least 
“prudent” utility (the one with the dullest 
pencil) may find itself paying a penalty be- 
cause the criterion for decision on prudence 
may follow the pattern set by utilities that 
use the sharpest pencils. 

In brief there is ample urge to prosecute 
what this symposium has initiated toward 
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exploration of engineering-economic theo- 
ries. Whether the accountants concur in 
the prospective conclusions is beside the 
point. At least the engineers will have 
made their decisions sound by clarification 
and unification. The expenditures will thus 
have been prudent at the source. 


William Parkerson (Middle West Service 
Company, Chicago, Ill.): The paper by 
the author and an unpublished Conference 
Paper by F. L. Lawton presented at the 
‘same time cover the subject in a very com- 
prehensive manner, but the urgent plea for 
standardization of procedure in such com- 
parisons is not answered. There is a notice- 
able lack of community of thought among 
the authors. 

Mr. Lawton’s paper fails to recognize the 
very impressive discussion of dispersion in 
Mr. Jeynes paper. The equation given by 
Mr. Lawton for “uniform annual rate of de- 
preciation,’’ namely 7+[(1+7)"—1], holds 
only for zero dispersion, or for S6 at best, 
conditions which Mr. Jeynes paper con- 
siders to be highly improbable in practical 
experience. 

Both papers recommend and endorse the 
use of the “uniform system of accounts” in 
comparing the relative economics of alter- 
nate facilities and this would seem to be an 
obvious and important step in the direction 
of standardization of method. 


Paul H. Jeynes: Mr. Steinberg correctly 
observes that the depreciation percentage 
described in this paper (a constant percent- 
age in every year) when applied to the 
original cost of survivors (which is a dimin- 
ishing amount in each year) results in a 
gradually decreasing annual cost in dollars. 
He points out, also quite accurately, that 
this departs from the customary practice of 
estimating the equivalent uniform annual 
cost of the whole original investment, and 
gives an example of that alternative treat- 
ment. 

The reason for preferring the author’s 
approach is that it is universally applicable. 
The usual alternative, described by Mr. 
Steinberg, applies in just one special case, 
that being when replacements of the original 
installation have (a) the same first cost as 
the original units they replace, and (b) the 
same average life, dispersion type, and net 
salvage as the original units. Unless both 
of these requirements are met, then annual 
cost of the project changes every time a re- 
placement is made. 

For textbook purposes, it simplifies the 
explanation to assume that future replace- 
ments will have the same first cost as the 
original units, as well as the same life. In 
practical applications, however, it is im- 
portant to recognize that total annual costs 
of a project in any future year are actually 
the sum of two components, which may have 
different percentage annual costs and there- 
fore require separate calculation. The two 
components are: 

1. Annual costs of survivors of original 
units. 

2. Annual costs of survivors of replace- 
ments of original units (and replacements of 
replacements). 

This distinction may be of no consequence 
in comparing costs of two contemplated 
alternatives if both installations have the 
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same expected life. On the other hand, this 
may be the essential factor in problems of 
economic replacement where the replace- 
ment is known to have different costs and is 
expected to have a longer life than the old 
plant. Accordingly, in a rigorous general 
approach, which this paper purports to be, 
it is necessary that the actual situation he 
recognized. 

Of course, if it can be reasonably assumed 
that all replacements will have the same 
first cost and average life as the original 
units, then the percentages described in this 
paper, when applied to the initial capital 
cost of the project, will yield the level annual 
cost of the project in the usual textbook 
manner. 

Mr. Steinberg’s proposed use of January 1 
survivors as the basis for both return and 
depreciation would be an _ acceptable 
approximation, though use of mean sur- 
vivors for calculating depreciation costs is 
believed to be nearer to the actual facts. 
That is, the whole objective of the economic 
study is an estimate of equivalent annual 
costs as at the end of each year, which costs 
can be converted to a ‘“‘present worth” by 
application of standard present-worth fac- 
tors based on year-end payments. Now, 
the investor receives a return on his total 
investment until the original amount is re- 
paid. Thus, in any year, he receives a re- 
turn on his January 1 investment until part 
is repaid on December 31st via depreciation 
expense. Most utilities base depreciation 
charges on monthly plant balances, that is, 
mean survivors. Hence the proposed basis 
for Tables I and II. 

Accounting practices of individual com- 
panies may vary in such minor details. In 
any particular case where the facts are defi- 
nitely otherwise, the small adjustment factor 
can be determined and applied to all Table 
III values, if that refinement is felt to be 
justified. Perhaps it is worth pointing out 
that the sum of mean survivors equals 
average life; the sum of January 1 survivors 
equals average life plus 1/2 year. 

Present-worth factors, for conversion of 
annual costs throughout one life cycle to a 
single equivalent present worth, may be 
computed as 1/(i+d), where i=rate of re- 
turn on the investment, and d=depreci- 
ation annuity per Table III. 

Appendix I of this discussion, entitled 
“Depreciation Annuity Calculations’? pre- 
sents the analytical derivation of the short- 
cut method of Table II from the self- 
explanatory method of Table I, requested by 
Mr. Steinberg. 

Mr. Scharff calls deserved attention to the 
h-type curves of the New York Public 
Service Commission, which are believed to 
have some advantages over the Iowa series. 
The author preferred the latter only because 
they have been more widely known for many 
years, and because tables of survivors at all 
ages are more readily available in the bulle- 
tins of the Iowa Engineering Experiment 
Station. 

Mr. Scharff modestly fails to mention his 
own numerous and outstanding contribu- 
tions to the present subject. One of them, 
the book Depreciation of Public Utility 
Property, by Scharff, Leerburger, and 
Jeming,! deserves particular mention. 

The author has been asked whether de- 
preciation annuities have been calculated 
for the so-called GC type of dispersion; 
that is, for the survivor curves representing 
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a uniform retirement rate at all ages 
Table I of this discussion entitled “ 
preciation Annuities; Type GC Dispersion 
presents these data in the manner of Tee e 
III of the paper. ’ 
In their opening paragraph, and again in 
Item 5 of their discussion, Messrs. Girard 
and Langlois emphasize the importance 0 
functional depreciation as a determinant 
service life. They also stress the-fact tha 
the progress of functional depreciation is 
subject to change as times and circ 
stances change. 4 
Presumably none of their comments 
intended as criticism of the approach de: 
scribed in this paper, which devotes oul 
four sentences to the subject of life estimates 


i) 


for two compelling reasons: 

1. That subject not only lies outside 
scope of the present paper, but would r : | 
quire much more space for an adequate pres 
entation than was available. 4 
2. The authoritative references suggested, 
particularly the 85-page Edison Electric In: 
stitute report ‘“Methods of Estimating Util: 
ity Plant Life,”? provide a comprehensive 
treatment fundamentally in accord with t: 
approach described in this paper and, it is 
believed, with the views of the discussorsill Ad 

The admitted importance of functional 
depreciation must not be permitted to 
obscure the fact that it influences the eco- 
nomic comparison only through its effect on 
the life estimate. 

It is true that this paper emphasizes | 
clear-cut and rigorous nature of the arith: 
metic involved in economic comparisons, 
But any intimation that it disparages the 
need for sound judgment would be an un- 
warranted perversion of its tenor. The 
first part of the paper deals with “Sound 
judgment as to the probable future rate of 
return,’ and the section entitled “‘Depre- 
ciation,’ states that “the major difficulty 
lies in the selection of reasonable starting 
assumptions, particularly as to the average 
life and type of dispersion. Both of these, 
being estimates of future behavior which 
will not necessarily duplicate past perform- 
ance, are matters for fully informed judg- 
ment.” The section on ‘‘Taxes’’ says of in- 
come taxes, ‘the estimator has no recourse 
except to rely on fully informed judgment.” 

The point is that while sound judgment is 
the essential ingredient, it is futile to pretend 
that sound judgment can be exercised by 
anyone unfamiliar with the correct arith- 
metic. Before simplified practical proced- 
ures can be developed, it is necessary to 
understand what is to be simplified. 

In their discussion of the appropriate in- 
terest rate on reinvested reserves, Messrs. 
Girardand Langloisregard the author’s views 
as “‘at variance with a fair segment of regu- 
latory thinking”’ in that (they say) it ignores 
the possibility of a lower rate of return on 
reserves and the reason therefor. But the 
paper does not ignore that possibility. It is 
specifically treated in the first two sections, 
and in the Appendix I. | 

The discussors advance two reasons for 
assuming a lower rate of return om reserves: 
(1) delays in reinvesting available reserve 
funds, and (2) lack of assurance of a sus- 
tained “fair rate ofreturn.’”’ It is the 
author’s conclusion that, so far as economy 
studies are concerned, the first factor is of 
negligible importance; the second a 
seem to have no validity at all. 

That is, in order for the first factor to hail 
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ppreciable significance, it would be neces- 
sary to have a substantial portion of the 
total reserve permanently represented by 
dle cash in excess of needs for working 
apital, a situation that would constitute a 
erious indictment of managerial and regula- 
ory competence. Occasional short-term 
lelays may be anticipated, but ordinarily 
uch delay has unimportant effect on long- 
erm average return, being an occasional 
ostponement of a small fraction of the total 
reserve, which has a relatively long period of 
reinvestment (equal to remaining life of the 
plant concerned). 

As for the lack of assurance of a sustained 
“fair rate of return,’’ that possibility would 
seem to apply in exactly the same measure to 
return on original investment as to return on 
reinvestment in the same enterprise. Neither 
factor mentioned is the important reason for 
recognizing a lower rate of return on the 
reserve which is discussed in Section 1 
of the paper. The effect of reinvesting 
reserves in securities, rather than in the 
business, is also described in the paper. 

In reply to the statement that use of the 
Iowa type curves necessarily implies use of 
the ‘“‘remaining-life’’ method of accounting 
for depreciation, the author has no option 
but a categorical and emphatic contradic- 
tion. The use of survivor curves is simply a 
convenient device for describing the manner 
in which individual retirements are scattered 
about average life, just as individual human 
deaths occur before and after the average 
man’s expectancy of 65-year life. Use of 
type curves does not presuppose any particu- 
lar method of accounting for depreciation. 
Economic comparisons are not concerned 
with the advantages or disadvantages, from 
bookkeeping or regulatory standpoints, of 
depreciation accounting methods. 

Were this paper devoted to regulatory 
problems or development of rates, a defini- 
tion and explanation of “rate base’? would 
be in order. However, for purposes of 
economy studies, that seems immaterial and 
irrelevant. It is not at all essential that the 
reader understand the nature of the rate 
base in order to profit from the remarks in 
the first section of the paper. 

All the estimator wants to know is how to 
go about establishing what percentage re- 
turn he should use. The paper warns him 
not to adopt uncritically the percentage, 
usually available, adjudged applicable to the 
“rate base’ (whatever that may be). It 
then explains how to proceed from the per- 
centage applicable to the undefined rate 
base to the rate applicable to first cost, 
which he is seeking. 

_ Messrs. Girard and Langlois also object to 
the statement that assuming a lower return 
on reserves (when reinvested in plant) isnot a 
faithful version of actual cost behavior, and 
to the view that ‘‘the whole purpose of these 
rate-base procedures is to justify a higher 
ite of return on original investment than if 
serves were not reinvested.” 
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In per cent of first cost of investment, before adjustment for salvage. 


Possibly they have missed the point illus- 
trated in the Appendix of the paper. This 
is simply a matter of arithmetic, not a con- 
clusion to be drawn from regulatory ex- 
perience. As for commission understanding 
of the situation, see Docket Number 4271 
of the Louisiana Public Service Commission, 
dated July 29, 1946, or General Order 
Number 38-A of the Missouri Commission, 
dated December 28, 1945.4 

Mr. Lawton is technically correct in 
observing that in nonregulated industry a 
suitable criterion of the economic choice 
may be the comparison of optimum net 
earnings. However, three comments are 
pertinent: 


1. In any case, the criterion described in 
this paper (the comparison of present worths 
of future revenue requirements) correctly 
identifies the economic choice. The com- 
parison of optimum net earnings may im- 
prove the quantitative estimate of differ- 
ential savings in those cases where it is 
applicable. 

2. Asa practical matter, it is important to 
be warned against comparisons of optimum 
net earnings in situations where that ap- 
proach is not appropriate. It is a favorite 
means for obtaining wrong answers in utility 
practice, where it is almost always based on 
unrealistic assumptions. Commonest error 
is the assumption that revenues would be 
the same in any event, and that all savings 
would serve to increase the cost of money. 

38. The comparison of optimum net earn- 
ings is a difficult operation, because many 
costs (particularly depreciation and taxes) 
are a function of the rate of return, which is 
the unknown quantity in that approach. 

Depreciation, in the sense of loss in value, 
is a function of obsolescence, inadequacy, 
wear and tear, action of the elements, re- 
quirements of civil authorities, maintenance 
standards, ef cetera, as Mr. Lawton states. 
But the only influence these matters have 
on the economic choice is by way of their 
effect on service life, as noted before. 
Whether depreciation accrues at a uniform 
or variable rate, rapidly or slowly or irreg- 
ularly, need be given no consideration in 
economy studies except as that may help to 
estimate probable life. 

The importance of functional depreciation 
in making life estimates has been stressed by 
several commentators. The effect of func- 
tional depreciation is not only variable from 
time to time, but from one enterprise to 
another, as Mr. Lawton observes. No 
doubt that fact accounts in part for the 
lukewarm attitude of many engineers to- 
ward compilation of life data in the manner 
proposed by Mr. Reynolds. 


Appendix I. Depreciation Annuity 
Calculations 


Demonstration of the identity of d% calcu- 
lated as in Table I and Table II, respec- 
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tively, of the paper. 
Let 


P;=present-worth factor, payment due at 
end of year x 
Sz =survivors at end of year x 


Sz_1 =survivors at beginning of year x 
: Szr+Sz-1 
M,=mean survivors, year x= ar ee 
Year Sz-1 Sz Pz 
ULersieterwetsare tenets Uiicteouarinextyne SLs steereeees oa 1/0 +%) 
Po See hau Sila wfatete elas (ose Via oraheia. arte 1/(1+1)? 
Oiihs aes cecatabare ake iS) Mer Bars Sa taa se (alaieroy 1/(1+2)# 
AS a Dejete os shadal 2 Ropeega aoe fi ipoetocara:e 1/(1+1)4 


DPrSz 4 =1 61/1 +2) S51 X12) 
See EAC) eens 

(1+2)2=Pz 7-1 =1X14+S,X1/(14+2)+ 
Spay Cle Dea eoas 

BPrS; = Si X1/(1+-2)+S2X1/(1-+-4)?+... 


therefore 
2ZPzSz=(1+71)2PrSzr_1—1 (1) 
also 
see DP2SritZPrSr 
2 
therefore 
DP rS2_1=2EP2Mz—=ZP2Sz (2) 


Substituting equation 1 in equation 2: 


DP_Se¢_1= 2EPzMz—(1+7)2P2Szit+1 

DP rSr_1= 22P2Mz—2DP2Szi— 
12PSzatl 

22 PySz_1+12P2S21=22P2Mz+1 


Collecting terms and dividing by 2: 
(1+7/2)2P2Sr_1=146+2P2Mz 
or 


1444+>5P,Mz 
SE ee 3) 
Pee IEE) 2) 
Per Table I: 
_ 1-42 PySe1 
Se 


Substituting equation 3: 
i/24+72P2Mz 
Fg tye 
=P,M; 
1+i/2—i/2-i=P2Mz 
se rmGcits/2) EP eis 
1—i=PrMr 
~ (144/2)2P,Mz 


=d, per Table II 
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Operating and Maintenance Costs for 


Use in the Economic Comparison 


of Alternative Facilities - 


W. E, SLEMMER 


MEMBER AIEE 


Synopsis: In making economic compari 
sons of alternative facilities, decisions are 
required as to what operating and mainte 
nance cost items are to be included in the 
comparisons, This paper suggests a erie 
terion for making these decisions and lists 
several cost items that should be considered, 
Three companion papers treat other related 
cost problems, 44 


N SHWTTING up operating and main 

tenanee costs for economie compart 
sons, decision as to what costs to inelude is 
based on their effeet on the comparison, 
If agyregate cost differences will be the 
same whether or not a particular cost 
item is included that item may as well be 
omitted, However, if a cost item will 
change the aggregate cost difference then 
it must be ineluded if it ia an 
cost, 


actual 


‘Thisstatement of principle may be modi 
fied, as a practical matter, to require the 
effect to be substantial, There are many 
uncertainties in cost estimates so that 
If the 
effect of a particular cost item is small as 


absolute accuracy is timpossible, 


‘compared to these contingencies it is 
probably not worth the time and effort to 
include it, In general, economic com. 
parisons serve only as aids to judgment 


and the weeurney required is that whieh 
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will lead to sound decisions, Based on 
this general principle the following are 
examples of costs that should be included 


if they are significant, 
Material Cost 


Cost of material required for operation 
and maintenance should be included, This 
cost should inelude the following items 
unless they are otherwise included in the 
COMpArison | 


Purchise price, 
Cout of handling aud storing, ineluding 
maintenance of equipment and cost of 


money invested in equipment and ma. 
torial stored, 

‘Taxes resulting from procurement of mas 
terial, 

Cost of purchasing, inepeeting, and account 
ing for muateriats, 

Allowance for shrinkage, 


Labor Cost 


Cost of operating and maintenance 
labor should inelude the following itemg : 
Direet payroll eost, 


‘Taxes based on 
Security taxes, 


payroll, sueh as Soelal 


Provisions for vacations, sickness, and so 
forth, 


Winployee benefite auch as pension plans, 
insurance paid for by employer and sim. 
lar items, 


‘Transportation if furnished by employer, 
‘Travel time, 

Living expense paid by employer, 

‘Pools and work equipment, 


Overheads including general supervision and 
ACCOUNT Expense, 
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Other Cost 


In addition to cost of labor and 
terial there are other cost items that are 
sometimesinvolved, Among these are the 
following: 


Power and energy for driving equipment or 
for losses. 

Crop damage, tree trimming, and so forth, 

Loss of revenue when equipment is out off | 
service for maintenance, | 

Cost of purchased power and energy. 

Rents, 

Cost of special insuranee, 


Co-ordination of Costs 


Costs for operation and maintenance 
used in economic comparisons should be | 
co-ordinated with other costs used in th 
comparison, For example, in comparisor 
involving a steam-eleetrie station, th 
heat rate should be based upon the same 
design as the investment estimates 
Similarly if the investment estimate ine | 
cludes automatic controls to reduce oper 
ating labor the resulting reduction should 
be reflected in the operating labor cost, 
and appropriate maintenance costs fo 
the added equipment should be inelude 

If investment estimates of trangmissi 
system components include items to 1 
duce maintenance such as shield wires, 
this should be reflected in maintenane 
costs, On the other hand, if investm: 
cost is based on a design using high-wn 
stresses that inerease the probability of 
storin damage, this should be reflected in 
the maintenanee cost, 

Similarly in determining cost of power 
and energy obtained from the system for 
clectric drives or for losses, co-ordination: 
is required, If the power cost or demand 
charge is based upon cost of efficient i 
stallations, this efficiency should be 
fleeted in the energy cost, 


Effect on Existing Costs 


It is tisually not enough to inelude op 
ating and imaintenanee costs of ne 
equipment only but effeet on operati 
and maintenance costs already existin 
must also be considered, Perhaps 


ATER ‘PRANSACTE 
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outstanding exampie of this is the reduc- 
tion in load factor on existing generating 
equipment when a new generating unit 
having a low production cost is put in 
jservice. The same principle applies in 
other situations, for example, addition of a 
second transformer in a substation may 
facilitate removal of equipment for main- 
tenance and permit a reduction in main- 
tenance cost of existing equipment. On 
the other hand, addition of a large gen- 
erating unit in an existing station may re- 
sult in increased labor cost above addi- 
tional men by causing an increase in rate 
for other employees in the station. 


Future Costs 


Economic comparisons of alternative 
facilities are usually made as a guide to 
| making an investment which will have an 
| economic life of many years. The ob- 
| jective is to determine which facilities 
‘will give the lower over-all cost through- 
| out the life of the facilities to be installed. 
To determine this these future costs 
should be estimated. This, of course, 
-makes the task more difficult but only 


future costs have any meaning in relation 
to investments yet to be made. In using 
present or historical costs careful con- 
sideration should be given to any factors 
that will tend to change those costs in the 
future, bearing in mind of course that a 
dollar saved several years in the future is 
not worth a dollar today. 

As an example, new generating capacity 
when added to a system often has a lower 
production cost than existing equipment 
and therefore operates at a high load 
factor. However, in making economic 
comparisons of such an installation al- 
lowance should be made for probable 
future installations having still lower pro- 
duction costs. These future installations 
will in turn take the base load position 
and reduce the load factor on the facilities 
under consideration. The load factor 
used for economic comparisons should 
recognize this probability. 

Unless comparisons are to be made for 
a specific period, future cost estimates 
should include allowance for major main- 
tenance items which occur infrequently. 
Examples of such items are rewinding of 
generators or transformers or retubing 


steam condensers. In evaluating such 
items the period of time before these costs 
will be incurred should be considered. 


Conclusion 


While several items have been men- 
tioned that should be considered in setting 
up operation and maintenance costs for 
economic comparisons, it is not considered 
feasible to make a complete list that will 
fit all cases. Each problem will have 
some circumstances peculiar unto itself. 
The only safe guide is whether or not a 
particular item of cost will change the re- 
sulting differential significantly. 
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Discussion 


A.E. Knowlton (Electrical World, New York, 
N.Y.): From the papers presented at this 
session one could as likely draw confusions 
as to draw conclusions. It is evident that 
there is reasonable agreement on the major 
premises but comparatively little unanimity 
on the interpretation of the details. This is 
quite to be expected when engineers begin to 
delve actively in a realm previously re- 
served largely for the actuaries, account- 
ants and rate specialists. 

There is ample excuse for us engineers to 
examine our respective methods of deter- 
mining comparative costs for alternative 
ways of meeting a given engineering problem. 
Nor is there any reason why they should fol- 
low the prescribed techniques of account- 
ants. Their task is to evaluate present 
worth of some engagement that may stand 
as a commitment for 20, 30, 50, or even 100 
years. 

It is extremely desirable that the various 
procedures exemplified by the papers be re- 
‘solved toward uniformity. There are three 
good reasons for a degree of standardization: 

1. Itis due to investors in the enterprise 
that their money be spent as wisely and as 
advantageously as possible. The equip- 
ments purchased and system configurations 
decided should be based on as sound a tech- 
nical-economic basis as possible. 

2. It is due to the manufacturers to 
know how the criteria for competitive selec- 
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tion of apparatus on an economic worth basis 
differ from company to company, or better 
yet, the degree of uniformity in establishing 
these criteria. 

3. It is due to the rate-payers regula- 
tory authorities to have uniformity in judg- 
ment on the part of the regulated utilities in 
making expenditures that have to stand the 
test of prudence. Otherwise the least 
“prudent” utility (the one with the dullest 
pencil) may find itself paying a penalty be- 
cause the criterion for decision on prudence 
may follow the pattern set by utilities that 
use the sharpest pencils. 

In brief there is ample urge to prosecute 
what this symposium has initiated toward 
exploration of engineering-economic theories. 
Whether the accountants concur in the pro- 
spective conclusions is beside the point. 
At least the engineers will have made their 
decisions sound by clarification and unifica- 
tion. The expenditures will thus have been 
prudent at the source. 


Paul H. Jeynes (Public Service Electric and 
Gas Company, Newark, N.J.): Mr. Slemmer 
makes one point that is particularly impor- 
tant, though frequently overlooked, which is 
worth repeating. That is, the only purpose 
of an economic comparison is to estimate the 
difference in costs of alternative facilities. 
Therefore, any items of cost that are the 
same in either case may well be omitted. It 
is essential that only real differentials be 
included. 
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It is easy to produce examples to illus 
trate this thesis, and some of them create 
awkward problems. One of the most 
awkward is the appropriate treatment of 
“overheads, including general supervision 
and accounting expense,’ which Mr. 
Slemmer includes under Labor Cost. 

For example, suppose the alternative 
facilities are shunt capacitors versus syn- 
chronous condensers. One involves trifling 
charges for operation or maintenance; the 
alternative involves very substantial opera- 
tion and maintenance expense. 

Now, the percentage for overheads is no 
small figure. In some cases, total overheads 
may exceed 80 per cent of total direct 
charges for maintenance. If the direct 
charges for operation and maintenance for 
both alternatives are increased by 80 per 
cent, it means that adoption of synchronous 
condensers is estimated to cause a substan- 
tial increase in costs of general supervision, 
superintendence, accounting expense, and 
other clerical costs. 

Obviously, that is an absurd conclusion. 
At the same time, it is difficult to justify 
omitting the overheads altogether. But if 
they are estimated as a percentage of direct 
expense, there is this real danger of foolish 
estimates, as above. And it is equally easy 
to show that the same danger lies in esti- 
mating these overheads as a percentage of 
first cost. 

A more detailed discussion of appropriate 
means for dealing with this problem would 
be very helpful. 
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Present Worth, or the Time Cost of 


Money, as a Factor in the Economic 


Comparison of Alternative Facilities 


PAUL H. JEYNES 


MEMBER AIEE 


HE objective of economic compari- 

sons is to estimate in advance the 
financial effect of adopting one particular 
plan of action instead of some alterna- 
tive. One of the major factors in such 
studies is the return on investment,! rep- 
resenting the annual rental paid for 
money. 

In a regulated industry, it can ordi- 
narily be anticipated that the rate of re- 
turn on investment will be independent of 
the choice of plan. In such case, the 
cheapest plan, or “‘economic choice,’ is 
the one which, for the given rate of return, 
will result in minimum revenue require- 
ments, that is, the minimum cost of 
product. In nonregulated industry, it is 
sometimes assumed that the selling price 
will remain fixed in any event, in which 
case the economic choice is the plan that 
will result in the highest rate of return. 
The same plan will be identified as the 
economic choice, whichever method is 
used. 

In any case, the fact that money does 
command an annual rental is implicit in 
the whole approach, and never ques- 
tioned. If the rate of return is 6 per cent, 
an initial investment of $100 earns $6 by 
the end of the first year, making a total of 
$106 available for investment throughout 
the second year. At the end of the second 
year, without further capital additions, 
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the total amount will stand at 106X1.06 
=$112.36. This is the familiar law of 
accumulations at compound interest: 


The amount of $1 placed at interest, com- 
pounded annually at 7 per cent for 7 years, 
equals (1+7/100)”. 


The present-worth factor is simply the 
reciprocal of the foregoing compounding 
factor. That is, if P dollars (=present 
worth) invested today at 7 per cent com- 
pounded annually amounts to $1 in 
years: 


P(i+i/100)" =1 
then 
P=1/(1+i/100)” 


It is inescapable that if we provide for 
a return we must also discount all future 
costs; the two operations are simply al- 
ternative ways of expressing the same 
phenomenon. Yet this simple fact is 
frequently ignored in engineering litera- 
ture, very often leading to unsound con- 
clusions in the selection of alternative 
facilities. 

Note particularly that the phrase 
“present worth” does not imply an ap- 
praisal of property in terms of present- 
day reproduction costs. It means specifi- 
cally the arithmetical result of discount- 
ing future payments for interim in- 
terest. 


The Basic Cost Comparison 


Textbooks suggest several methods for 
making economic comparisons of alterna- 
tive facilities, including “capitalized”’ 
costs, the “pay-off period” procedure, and 
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others. Correctly performed, all give 
identical answers; but there is little ex- 
cuse for using any but the direct ap- 
proach, which is simplest, most readily 
comprehended, least vulnerable to errors 
of omission, and is universally applicable. 
That is the comparison of present worths 
of future revenue requirements. By rev- 
enue requirements is meant the annual 
gross receipts that must be obtained in 
order to recover all annual costs, including 
a return on the investment. 

A simple example will illustrate this 
method, as well as the error that would be 
committed by failing to discount future 
costs. Suppose annual costs of alterna- 
tive Plans A and B are as shown in 
Table I, including return at 6 per cent, 
over a 5-year period, after which costs 
are expected to be identical in either 
case (or else not affected by the present 
choice), | 

It might be carelessly concluded that 
the two proposals are a stand-off. But 
actually, Plan A is $980.35 cheaper, as is” 
revealed by comparing present worths as 
of January 1, 1952, as shown in Table IL. 

Tables of present-worth factors at 
various interest rates are conveniently 
available in engineering handbooks and 
textbooks dealing with financial mathe-— 
matics; it is no great chore to compile 
tables for any odd interest rate, using the 
formulas given in this paper. Three 
companion papers discuss the preparation 
of annual cost estimates.4*$ | 


A Practical Application | 
Table III presents a typical applica-. 


tion of present-worth arithmetic to a 
practical problem. i 


Table I. An Example of Comparative 


Annual Costs 


SES 


Annual Revenue Requirements — 


Year Plan A Plan B 
LOSS APE ee $ 1, 00OMsenneuERe $5,000 
1953 ass ee 2, OOO gi a cikieraee 4,000 
1954. ag ieneteree 8, OUOkn wun 3,000 
1055 fener 4,000... Jnwome 2,000 
1966:2 8c ses 5 ,Q00 5 teaser _1,000 
Totals. .$15, 000sceeneen $15,000 
Arithmetical 
Averapece 1,ckvey $ 3,000 ngeieaes $3,000 


iN 


AIEE TRANSACTIONS | 


A piece of land desired for a generating- 
station site in 1962 is available in 1952 at 
an attractive price ($P). If the purchase 
is postponed until 1962, what could we 
then afford to pay for it ($f), in order to 
break even? Annual costs are estimated 
as follows: 


) ee —= — 
Per Cent 
Bretiitn-oninyestment) sc. 2... 6. cca ee ees 6.00 


Federal income taxes 

State income taxes..... 

Real-estate taxes....... 

Other expense (1952-1961 only, if pur- 
ERASCUMEUIODE) inl alos nis so sas dels oaees 0.05 


Total annual costs, 1952-1961=..11.88 
Annual costs after 1961, in either event =.. 


_ Note that no allowance is made for de- 
preciation, the life of land being con- 
-yeniently estimated as infinite.1 Annual 
costs are tabulated in two parts: (1) 
1952 to 1961, inclusive, and (2) after 
1961, see Table III. 

_ Accordingly, the present worth (Jan- 
-uary 1, 1952) of future annual costs may 
be summarized as follows: 


A. If purchased in 1952=$0.8744P+ 


-1.1010P 
B. If purchased in 1962=$0.00+1.1010p 


Equating, and solving for p: 


1.1010p =1.9754P 
p=1.7942P 


Weighted Average Annual Costs 


It is usually discovered that annual 
costs of a given plan are not a constant 
amount in each year. This might result, 
for example, from a decreasing annual 
capacity factor, from major maintenance 
jobs at infrequent intervals, from re- 
placements at rising price levels, et cetera. 
In some such cases it is desired to find the 
weighted average of those nonuniform 
costs. An example of the application of 
present-worth arithmetic to this situation 
appears in Tables IV and V. 

Table IV shows the calculation of an- 
nual costs of return plus depreciation, 
‘using the ‘straight-line’ method, for 
plant having 20-year life and 6 per cent 
return. For simplicity, salvage is as- 
sumed to be zero, and there is no disper- 
sion of retirements; that is, all of the 
property is retired at once at age 20. 
Annual costs amount to 11 per cent in 
Year 1, diminishing gradually to 5.3 per 
cent in Year 20. Such nonuniform an- 
nual costs are characteristic of the mis- 
named ‘straight-line’ method. 

_ The corresponding level weighted aver- 
age rate is derived in Table V. This 
‘corresponds to the partial-payment fac- 
=, or the amount that would be paid 
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annually in 20 equal installments to re- 
cover first cost, assuming interest at 6 per 
cent. Three observations with respect 
to Table V are pertinent: 


1. “Return plus average interest,’’ some- 
times proposed as the appropriate “‘straight- 
line” arithmetic, is only a rough approxima- 
tion (=8.15 per cent instead of 8.72 per 
cent). 


2. Regardless of relative merits of various 
depreciation methods for accounting or 
rate-base purposes, for a given life and per- 
centage return all methods yield exactly the 
same weighted average rate, which is all that 
is needed in economic comparisons. 


3. The present worth of future annual 
costs of return plus depreciation, throughout 
total life, is exactly equal to first cost. 


The last observation provides a test for 
correctness of depreciation arithmetic. 
For example, it is a very common error to 
assume that “‘straight-line’’ depreciation 
for 20-year life is 5 per cent annually, 
which together with 6 per cent return 
would equal 11 per cent per year. The 
absurdity of this assumption is revealed 
by finding the present worth of 11 per 
cent annually for 20 years: 


11.469921 X11 per cent = 126.17 per cent 


In other words, this would be equivalent 
to assuming that present worth brand new 
equals 126 per cent of present worth 
brand new. 

Another familiar application of this 
same arithmetic is the development of a 
weighted average tax rate, or weighted 
average maintenance costs, when the per- 
centage is expected to increase at a pre- 
dictable rate throughout life. 

In this connection, it is to be noted that 
the weighting process may allow not only 
for the increasing percentage annual cost, 
but also for the decreasing number of 
plant units. For example, the annual 
maintenance cost of meters may increase 
with age, but the total annual dollars may 
at the same time decrease with time as 
the ranks of old meters are depleted by 


Table Il. 


Table Il. Present Worth of Table | Annual 
Costs 
Present-Worth Present Worth of Annual 
Factors at Costs 

Year 6 Per Cent Plan A Plan B 
Las. vie, 0943, 396.......°9 943 .40..$ 4,716.98 
Diavviaingyatess 0.889 996... 1,779.99... 3,559.98 
Seine 0.839 619.... 2,518.86.. 2,518.86 
Aa atten 0.792 094.... 3,168.38... 1,584.19 
cian b 0.747 258.... 3,736.29... 747.26 


Present worth, 1/1/52....$12,146.92. $13,127.27 
Advantage of Plan A=13,127.27 —12,146.92= 
$980.35 


retirements, replacements being equip- 
ment of an improved type requiring 
smaller maintenance expenditures. The 
net effect is fortunately to emphasize the 
importance of costs in the immediate 
future, and to discount heavily the 
importance of more remote costs which 
are difficult to estimate with equal assur- 
ance. 


Economic Criteria 


The fundamental criterionof economy— 
minimum revenue requirements associ- 
ated with a given rate of return — is an an- 
nual cost phenomenon. But usually the 
study involves capital costs (investment 
in alternative facilities) as well as differ- 
ences in annual costs (operating expense, 
maintenance, et cetera), and it is neces- 
sary to reduce all items to a common basis 
before they can be summated and com- 
pared. 

This operation is preferably performed 
by estimating the annual costs which re- 
sult from the capital investment, readily 
accomplished by applying the appro- 
priate carrying-charge percentage to the 
capital dollars. By the same token, an- 
nual costs such as operating and mainte- 
nance expense can be “‘capitalized” by 
dividing by the appropriate percentage. 
The comparison in terms of capitalized 
costs, when properly carried out, yields 
figures identical with the recommended 
“present worth of annual costs” basis. 


Break-Even Cost of Land; $P in 1952 Versus Sp in 1962 


Land Purchased in 1952 


Land Purchased in 1962 


Present Worth Annual Present Worth of Annual Present Worth of 
Year Factors Costs Annual Costs Costs Annual Costs 
(1) Annual Costs, 1952-1961, Inclusive 
O52: raters Nich sheds oe ORDA SSE iroyctana satere OL ASS Paes ate oan (Va ln WA ees Lee 2 Aca aed ere tanec dayarattnse ta) -Me 0 
VOSS gareye cic curse SON rus tye «hs. x O SEUSS Preteens OFLOS (Daerah chr yaa rey toteverrateste 0 
CLG orci iste ar etety (toy Foe COy Wa Risa ao an CCN pre conticndte Me leh beat CEG soir st a aictatevatalenete etc. 
LOGOR Sees ae OMSOIOF ete ONELISSR Sen, OLO7TOSE Pe aha Os Peeihckal Rearend 0 
LOGI te cetaahirapscare ORS5 SAN. ee uaa. ORUESS Pavreneamnin es OF0663 Pie oer aite iene Oiretes eee tt ener 0 
Present worth, 1/1/52, of Annual Costs............ SORRT44 Bey ereraa a -aesie tite ereke, taaens acne teal $0.00 
(2) Annual Costs After 1961 
After 0 
TOG eparckereleisais De BOGB¥. cious aysiu OUI SSP Ls hateaerets D LOLOD 3k aes 0:0 ORPLSS Di ates 2 iss 1.1010p 
.. 1.00 
* Present worth on 1/1/62 of $1 annually forever is 0.06 = $16.6667 


Present worth on 1/1/52 of $16.6667 due on 1/1/62 is 16.6667 X 0.558 395 =9.3066 
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Nevertheless, the latter approach is vir. 
tually always to be preferred, There are 
several practical reasons for this recom 
mendations space limitations permit dis- 
cussing only a few, 
Estimating annual costs resulting from 
a given capital cost is a familiar, readily: 
comprehended process; determination of 
the ptoper percentage for capitalizing 
annual expense is less obvious and is very 
commonly done wrong, To illustrate, 
consider the familiar problem of balancing 
the cost of larger conductors against the 
saving in generating costs, 
Let 
C=capital cost of larger conductors 
e=arnual carrving-charge percentage for 
conductors 
G=capital cost of inoremental generating 
oapacnty 
g=annnal carrving-charge percentage for 
gererating stations 
é= inorerrental energy Costs per year 
Then the break-even equation ts, in 
terms of annual costs: 


Ce=Ceee 


In terms of “oapitalized’’ costs, it 


might be written: 
CeaG+A, 


Where # is the capitalized energy cost, ob 
tained by dividing e by the appropriate 
percen&klage, 

What is that appropriate percentage? 
Is it simply the rate of return? Ts it the 
earrying-charge rate applicable to gen: 
erating stations (=g)? Qr iv it the carry. 
ing-charge rate applicable to conductors 
(=a? 


None of these is correct, and it is ob- 
vious that many writers do not know 
the correct answer, = (Ce—@g)/(C—@). 

Yet the proper annual-cost approach 
is obvious and never questioned, 

In some problems, particularly those 
involving alternatives which do not have 
the same life or in studies of economic re- 
placements, it is necessary to consider not 
only alternative initial installations, but 
perpetual future replacements, ‘This also 
is the case if allowance is to be made for 
future price rises, 

The replacement function, which is in- 
volved if the “capitalized cost” basis is 
adopted, is complicated, unfamiliar to 
most engineers, and not conveniently 
available for various average lives, types 
of digpersion, and rates of return, The 
corresponding annual cost (that is, an- 
nual cost of depreciation) is conveniently 
available! and better, if imperfectly, 
understood by most engineers, 

As a matter of practical experience, 
errors of omission are encountered much 
less frequently in studies made on the 
annual-cost basis, A familiar example is 
the presentation of cost comparisons on 
the basis of first cost per kilovelt-ampere 
of the several alternatives, In a large 
percentage of cases, the most economic 
plan does not have minimum first cost per 
Kilovolt-ampere, for reasons which be- 
come apparent when the comparison is 
set up properly on the basis of total an- 
nual revenue requirements, 

Mhe safest, simplest, most rigorous 
procedure is to tabulate annual costs over 
the appropriate period of comparison, and 
compare their present worth, 


Table IV. Annual Costs of Return Plus Depreciation 
“Straight-Line” Method: 20-Year Life, No Dispersion, Zero Net Salvage, 6 Per Cent Return 


Columas 
t 2 3 4 s Were 7 
ee Book Charge Credits for 
WR! ‘ Accrued Reinvested Net Cost of Total 
Retara Depreciation Reserve Reserve Depreciation Annual Costs 
Year at 0% at S% (WOM Gel Cok O Cohs-OkH  Coh2+Coko 
Be. 800% BF. QO% ccs QOH MWB ccccee GOH o a% 
2 elee 5. > 5.00 RC aa rie bebe So ye 
Bos BLO 5.00 290. WRT ee Oh hee eRe es case 10.80 
6.00 3.0 RON CIC RRC IES : EARS 10.10 
eer a) RETR. St Vault ageeh 2.26) See S80 ee 688 
XE Peewee 3s + RO sas SO SARGSCONS QR Kann NANA Ot, VeAye ete 
BB... 8.00 3.00 TS.00 Bae. 40) coc ae OMe. eat 6.80 
WT 8.00 2.3.00 ROR ORI sccm ics 4.80 8.8 og as 
WS. BQ 3. a a aah SAG ah eee ict 3.90 
OR SN RR 20. 5.40 =O.40 oo. ce B00 
2... elke 5.0 Q3.00 3.70 =O.TO oo. gs 80 


Arichmetit mean aye canned Sots for retara plus  eprecation = RES QOS WD HG LHGH* Yoral LOT.00% 


*PA 3 & thes SAME BS the ® leprenkktion plas average retura,”> sometines proposed, as fellows: 


Retara be peat 1 = 6 00% 
Retare de year 20 = 6 QQ. = 0.9) — 04H 
— SOF 0.90 


Average reture 5 


HS ASH 


Depreckation plus average reture =S QO 4815 = S185 
TAS W mot only & FOUEK apprordmation of the Proper arithimetio, Dat aw daccurate version of actual cost 


dahavionr. 
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Table V. Weighted Average Costs 
Return Plus Depreciation 


“Straight-Line’’, Method, 20-Year Life, 
Pansy Zero Net t 6 % R 


Annual Coats Present Present Worth o! 


of Return plus Worth Annual Costs o 
Depreciation Factors Return plus 
Year (Table IV)  Ato% Depreciation 
Vocvss 12,00%.... 0,9484...... 10.88% 
Breen ROTO can suuees 62 
Baki BO8OU caee 0. S806. cc. 8.78 
WAN 10.10. ..«s ©, 2S ianeeae 
ee: 9.80 sa. 9.74 7S careranen ene 
ate, eta: ced OtCU ARNG etGs 
16: 6.50. 1... O.S986V ie aces 
PR 6.20 can Q.O7URikane eee 
Wiss. 8.90 ccs O.SBORE Geman 
Reva cee 5.60 « 0.8808. cyano 
Weiscs 8:90 5 0.38... 8, 1,65 


Totals, ee AL, ATO, .. 100, 00% 
Weighted average annual costs,* return plus de- 
preciation = ee =8. 718% 

Aunual cost of depreciation (level weighted av 
age) = 8, TIS — 6,000 =2, TI8% 


*This same weighted average is obtained no matte 
what method of depreciation accounting may be 
vsed=“‘straight tine,’ sinking fund, compound 
pestere present worth, retirement accounting, or 
other, 


Term of the Cost Comparison 


The economic comparison involves all) 
future annual costs of the enterprise tha 
are affected by the choice of plan; annu 
costs are to be compared from the date ot 
installation to perpetuity, This ma: 
appear excessively academic, in view of 
the great difficulty of anticipating event, 
beyond the immediate future, but actu: 
ally the inevitable effects of present-we 
arithmetic operate to facilitate ap 
tical solution, 

For example, if annual costs of 
alternatives differ by $100 per year 5 
years from now, the present worth of t 
difference, at 6 per cent return, is o: 
$5.48 per year, The present worth ¢ 


20¢ per year, Since most types of 
have average lives of 30 years or tl 
abouts, which means that the las 
vors may serve 60 years or more, it 
rarely necessary to extend the compariso: 
beyond the history of one generation | 
perhaps 50 or 60 years, ae 
Problems in economic replacement n 
volve a comparison of annual costs u an nde 
the two alternatives: 


Plan A> If the existing equipment wer 
retired and replaced innedilaie nn 

Plan B: If the preiee 

retained to serve out its x 
life, 

In such problems;« the 
period may be the remaining life 
existing equipment per ae 
thereafter annual costs 
(annual costs of new 
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“successors, to perpetuity) whichever plan 
is now adopted. Of course, this con- 
venient solution must be modified if con- 
tinued price rises can be predicted, be- 
cause replacements under Plan A would 
then cost more than under Plan B, coming 
| as they would at later dates. 

| Inthe great majority of published solu- 
| tions, whether in technical papers or text- 
| book examples, no year-by-year tabula- 
tion is presented. Instead, there appears 
a single statement of annual costs for each 
alternative. The implication is that 
these same annual costs will be repeated in 
each future year. 

This assumption is understandable, in 
the interests of simplification, in an ele- 
mentary exposition of principles involved. 
It occasionally represents the reasonable 
expectations in an actual situation. But 
strictly speaking, such situations are 
rather special cases, and not generally 
typical. They are encountered only 
when three conditions are met: 


1. Average lives of the alternative facilities 
are identical. 


2. Capacity supplied by both alternatives 
is identical. 


3. Neither plan prejudices the nature of 
future additions; or else both commit the 
utility in the same manner. 


If requisite number 1 is not met, future 
replacements will be needed as of dif- 
ferent dates, and price rises will therefore 
affect the alternatives differently in the 
future. If the capacity supplied is not 
identical, additions necessary to supply 
load growth will be required as of different 
dates, which will change relative annual 
costs in the future. If the two plans prej- 
udice future additions differently, re- 
placements may have different costs, and 
affect future annual costs correspondingly. 

Accordingly, when annual costs are 
stated as a single figure, it must not be 
overlooked that this figure represents an 
estimate of the amount that would appear 
in each year of the year-by-year tabula- 
tion in perpetuity, or at least throughout 
the appropriate period of comparison. 
In brief, the appropriate period is ordi- 


narily established by one of two considera- 
tions: 


1. The date after which annual costs will 
be identical whichever alternative is se- 
lected. 


2. The date which is so far in the future 
(say 50 or 60 years) that annual cost differ- 
ences thereafter have insignificant present 
worth, 


Evading this issue on the plea that 
future costs are too uncertain for long- 
term estimates amounts to deliberately 
assuming zero cost difference when a dif- 
ferential is acknowledged to exist but is 
difficult to estimate. Judgment must be 
used in deciding how much refinement is 
economically justified, but judgment is 
worthless unless based on a sound under- 
standing of the correct arithmetic, in 
order to gauge the quantitative effects of 
refinements on theestimate. Details that 
appeal to the uninitiated as unjustifiable 
refinements may prove to be glaring 
omissions. Attempting shortcuts bycom- 
paring ‘‘capitalized’’ costs or first costs 
per kilovolt-ampere, and ignoring annual 
costs, is very apt to conceal difficulties 
without solving them. 


Effect of Changing Price Levels 


Although the disastrous effects of infla- 
tion have become fully recognized, and 
governmental measures have been taken 
to control prices, there is a real possibility 
of continued price rises in the future. 
Whether that possibility can be firmly 
predicted or not, it is often desirable to 
anticipate what the effect would be on the 
economic comparison if a stipulated price 
rise were to occur. Mention has been 
made at several points in this paper of the 
special measures that are called for in such 
estimates; in general, the appropriate 
procedure is as follows: 


1. Tabulate for each year of the compari- 
son the number of retirements and survivors 
of the original installation, per the appro- 
priate survivor curve. 


2. Price the replacements (=number of 
retirements) in each year per the assumed 
price increase. 


3. Compute separately the annual costs of: 
(a) Survivors of the original installation, and 
(b) Survivors of each year’s replacements. 
This must be done year by year because 
each original group decreases in size each 
year, and a new group of different size and 
cost is added each year. Rising costs of 
operation and maintenance, in dollars per 
year, must also be estimated. 


4. Determine the present worth of the 
foregoing annual costs. 


The effect of price rises is apt to be less 
than might be imagined except in prob- 
lems of economic replacement when: 


1. The equipment involved has a very long 
life. 


2. The choice between retaining versus re- 
placing must be made at a relatively early 
age. 


3. Rapid price rises are predicted. 


The general effect of anticipated price 
increases, in such problems, is to reduce 
the maintenance expenditure that is justi- 
fied as an alternative to replacement. 

Having prepared estimates of the in- 
vestment costs and expenses associated 
with the several alternative plans, the 
relative economics of the various pro- 
posals is desirably expressed as a com- 
parison of their respective revenue re- 
quirements, or cost of product. This is 
preferably done by tabulating annual 
costs (=revenue requirements) over the 
appropriate period of comparison, and 
comparing their respective present worths. 
This same present-worth arithmetic is 
indispensable in several parts of the 
estimating process, some of which are 
discussed in this paper. 
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Discussion 


Wm. R. Brownlee (Southern Services, Inc., 
Birmingham, Ala.): Especially in periods 
of rising costs, a keen appreciation of all of 
the economic factors is of vital importance 
_in the planning of additions to power supply 
; systems. All too often the basic concept of 
_ the present worth of future carrying charges, 
so well illustrated in Mr. Jeynes’ paper, has 
not been given sufficient weight. 


1951, Votume 70 


A thorough theoretical knowledge of exact 
“timing arithmetic” is valuable, even though 
based on rather unprecise assumptions or 
generalizations on the cost of money and 
life of equipment. It must be recognized 
that less precision is available in evaluating 
the other side of the equation. For ex- 
ample, the author’s illustration shows that 
(on a given basis) one can afford to pay ten 
years from now a price equal to 1.7942 times 
the present-day price for a station site, 
whereas few would care to predict even to 
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two significant figures what the cost of such 
a site might be ten years from now. 

The illustration of the calculation of eco- 
nomic conductor size poses a difficult prob- 
lem in evaluating the ‘Capital Cost of the 
Incremental Generating Capacity.” If this 
be considered to be the unit cost (with a 
reserve component included) of the next 
system capacity addition, it might be either 
the first unit of a new plant with correspond- 
ing site development items involving a high 
cost per kilowatt or the addition of a second 
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generating unit in a previously provided 2- 
unit building, giving a materially lower cost, 

Another concept of ineremental capacity 
might be the differential cost of increasing 
the size of a proposed generating unit and 
dividing the added cost in dollars by the 
added capacity in kilowatts, Such a com- 
putation might show a unit cost per kilowatt 
from one-half to two-thirds of the unit cost 
of a complete generating installation, Op- 
posed to this concept is the hypothesis that 
the maximum size of the unit has already 
been determined by considerations, such as 
(ie size of the power system, relative reserve 
requirements, Interconnections, or even the 
largest unit considered to have adequate 
service reliability as now designed, Still 
another basis would hold that if energy cost 
is based on the higher eost units in operation 
at various representative time periods, then 
it would not be proper to seleet any new 
(and therefore efficient) unit as a basis for 
capacity east 

The author’s reaction to these various 
concepts and an explanation of his preferred 
hasis would be appreciated, 


William Parkerson (Middle West Service 
Company, Chieago, Il); After all of the 
first costs and all of the annual expenses 
enumerated by all of the papers, have been 
compiled and tabulated hy years, according 
(o the Uniform System of Aecounts, the task 
af comparing the relative economies still 
remains, ‘To aeeomplish this all-important 
funeltion, Mr, Jeynes paper presents irre 
sistable arguments for the present worth 
method’ which appears to be more sure 
fooled in its progress, and more practical in 
iis resulls, than any other method de 
veloped, especially since it minimizes the 
effeet of distant estimates, 

lt is hoped that the Committee ean eon 
tinue the study of this highly important 
subject to the end that they will be able to 
present and recommend to the AINE a 
standard approach or procedure for eeo- 
Homie comparison of alternate facilities, 
even perhaps including working forms and 
convenient tables sueh as compound inter- 
est, dispersion factors, et cetera, Tt seems 
obvious that sueh a report, so constituted 
would be invaluable to all engineers, 


Maurice R, Scharff (Consulting Hngineer, 
New York, N, ¥.); The author performs 
an important service in emphasizing the 
necessity and in explaining so clearly the 
correet method of giving effeet to the present 
worth or the tine eost of money in economic 
comparisons of alternative facilities, The 
writer can confirm from his own experience 
(hal this necessity, whieh ought to be self 
evident, is too frequently ignored even in 
engineering reports by experienced engi- 
neers, 

It may he of interest to call attention to 
(the facet that the method of analysis, sug- 
vested by the author and illustrated by ex- 
amples, utilizing a “level weighted average 
depreciation” cost, related to investment 
service life and rate of return, is equally 
applicable to caleutations utilizing a “level 
weighted average” deprectation or depletion 
per unit of output, Such an approach 
might have application to economie eom- 
parisons of power plants, for example, utiliz- 
ing a welghted average eost per kilowatt. 
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hour; or of investments in wasting natural 
resources, such as oil, natural gas or min- 
erals, utilizing a weighted average depletion 
cost per unit of output. The writer dis- 
cussed one aspect of this suggestion, with an 
example based upon what he there referred 
to as “Compound Interest Depletion,” 
published in 1947,! 
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M, J. Steinberg (Consolidated Edison Com- 
pany of New York, Ine., New York, N. Y.): 
This paper stresses the importance of the 
present worth concept as a calculating tool 
for evaluation of alternative investments 
when annual values are not uniform, It is 
claimed in the paper that a comparison of 
present worths of future revenue require- 
ments is a direet approach which is simplest 
and most readily comprehended, ‘The three 
most common methods of evaluation are by 
comparison of annual costs, capitalized 
annual costs, and present worths of annual 
costs, By proper application of compound 
interest formulas comparable results can be 
obtained, Under specific cireumstances one 
method may be preferable to the others. 
Generally, however, the choice will be one of 
personal taste, 

Where nonuniform annual values are in- 
volved, a4 comparison of present worths is 
perhaps the most direet, It is pertinent to 
note, however, that there is a strong prefer- 
ence for indicating comparative results in 
terms of annual values, and where nonuni- 
form annual values are involved, the corre- 
sponding present worth can beeonverted into 
equivalent uniform values. Reduction to 
present worth then becomes an intermediate 
step, 

Our thoughts on the matter are best pre- 
sented by reference to the examples in the 
paper, In this eonneetion it is relevant to 
stress the distinetion between equal and 
equivalent values, Thus in Table I, it is 
shown that by arithmetic averaging, the 
annual revenue requirements are equal, 
Hy converting to present worth values as 
shown in Table IT, it is shown, however, that 
the equal average annual values are not how- 
ever equivalent, The equivalent uniform 
annual values are obtained by applying the 
appropriate capital recovery factor as 
follows: 


(0,06(1 ,06)5) 


((1,06)5—1) 
#18,127,27 (0,237 806) = $3,116,386 


Plan B $18,127,27 


Plan A = 12,146.92 (0,237 396) = 2,883,683 
Difference 
Man B= 
Plan A $ 980,85 5 (0.8 237 396) § 232,73 
Similarly, for the “break-even” example 


illustrated by Table III of the paper an 
equally direet solution can be obtained with- 
out recourse to the use of present worth 
values, Let P=price paid if purchased in 
1952, and p= price paid if purchased in 1961 
Then with annual fixed charges at 11,88 per 
cent and 11,83 per cent as indicated in the 
paper, to break even, savings from 1952 


through 1961 Siner eased costa subsequent to 
1901 or 
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1) 
(1.06)"— *) _ 0.1183(p—P) 
0.06 0.06 
0.1188(13.181)P =1.9717(p—P) 


0.1 sae 


solving gives 
p =1.7942P 


which is identical with the results derived i in 
the paper. 

With reference to Table V of the paper 
it should be noted that recourse to tabula 
values as shown in the table is not necessary, 
since identical results are obtained from 
tables of capital recovery rates. In 
case, the capital recovery factor is 


crr-( i(1+i)" ) 
“\(a+i)"-1/ (1.06)"—1 


=0.08718 


or 


Equivalent uniform annual return 
Equivalent uniform annual de- 
preciation 


The fundamental principle that is illus- 
trated by Tables IV and V of the paper is) 
the fact that all methods of depreciation are 
equivalent although not equal, and that b: 
proper application of appropriate compound 
interest formulas, it is possible to conve 


annual costs of depreciation into equivalent 
uniform annual rates. For the purpose of 
this conversion use of present worth values, 
becomes an important tool. 


A. E. Knowlton (Electrical World, Ne 
York, N. Y.): From the papers presented 


fusions as to draw conclusions. It is evident 
that there is reasonable agreement on the 
major premises but comparatively little 
unanimity on the interpretation of the de- 
tails. This is quite to be expected when 
engineers begin to delve actively in a realn 
previously reserved largely for the actu- 
aries, accountants and rate specialists. } 
There is ample excuse for us engineers 
examine our respective methods of deter- 
mining comparative costs for alternative 
ways of meeting a given engineering prob- 
lem. Nor is there any reason why the 
should follow the prescribed techniques of 
accountants. Their task is to evaluate 
present worth of some engagement that 
stand as a commitment for 20, 30, 50, 
even 100 years. | 
It is extremely desirable that the various t 


solved toward uniformity. There are thre e@ 
good reasons for a degree of standardization: 

1. It is due to investors in the enterprise 
that their money be spent as wisely and as 
advantageously as possible. The equip- 
ments purchased and system configurations 
decided should be based on as sound a tech- 
nical-economic basis as possible. | 

2. It is due to the manufacturers te 
know how the criteria for competitive sele 
tion of apparatus on an economie worth bz 
differ from company to company, or bet ot! 
yet, the degree of uniformity in establishi 
these criteria, 

3, It is due to the rate-payers and re 
latory authorities to have uniformity 
judgment on the part of the regulated wu 
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jties in making expenditures that have to 
stand the test of prudence. Otherwise the 
east “prudent” utility (the one with the 
d ullest pencil) may find itself paying a pen- 
Jalty because the criterion for decision on 
prudence may follow the pattern set by 
utilities that use the sharpest pencils. 

‘| In brief there is ample urge to prosecute 
what this symposium has initiated toward 
exploration of engineering-economic theo- 
ries. Whether the accountants concur in 
‘the prospective conclusions is beside the 
‘point. At least the engineers will have 
jmade their decisions sound by clarification 
and unification. The expenditures will thus 
have been prudent at the source. 


/John E. Girard and Hubert M. Langlois 
| (Department of Water and Power, Los 
Angeles, Calif.): The paper, in considering 
_ the matter of economic comparisons, carries 
a suggestion that all methods of accounting 
for depreciation “‘yield exactly the same 
weighted average rate,’”’ presumably leading 
| to the same end result. That this holds 
_ true as an equivalence throughout the life of 
the property is seriously debatable. In any 
case, the implications of the concept, par- 
ticularly as affecting individual years of 
operation of a utility, are not likely to be 
| accepted by certain regulatory jurisdictions 
as being fully equivalent. 
_ It may be observed that under the method 
_ used in computing the ‘‘annual costs”’ of de- 
preciation in Table IV, the straight line 
annuity has been reduced year by year in the 
amount of a return on the accumulated re- 
serve, at the same rate as predicated for re- 
turn on investment in its ordinarily under- 
stood sense. Such treatment essentially 
presumes that depreciation funds as a source 
_.of investment money should be entitled to 
the same rate of return as the fixed and 
established investment in utility plant; this 
concept is not universally supported by 
regulatory authorities, and certainly is not 
held by the California Utilities Commission. 


Hamilton Treadway (Bureau of Yards and 
Docks, Department of the Navy, Ashton, 
Md.): This and the companion papers! are 
timely. They focus attention on that phase 
of engineering, namely economics, which 
differentiates management from the other 
fields in the profession. In a period, during 
which the expenditures for military and 
other defense purposes are constantly in- 
creasing and the amount which the available 
funds will purchase is ever decreasing, the 
principles outlined in these papers are of ut- 
most importance if we are to get the maxi- 
mum defense value from that portion of our 
- economy which we now propose to devote to 
this effort. While the authors have limited 
their presentation primarily to the public 
utility field generally and the electric power 
industry in particular, the principles ex- 
pounded are adaptable to almost any prob- 
lem in engineering economics. They are 
especially useful in the planning and man- 
agement of utility systems for military shore 
establishments. 
The use and advocacy of the present 
worth theory is, of course, sound. It can be, 
however, over-emphasized. It is well to 
‘keep in mind that, as cost of money de- 
crease, its present worth increases, for ex- 
ample. $1.00 of annual costs per year for ten 
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Table | 


Present Worth Present Worth 


Plan at 6 Per Cent at 2 Per Cent 
Bit aa bie biacersts vcraqartralh $12,146.92..... $13,953.40 
UB rrarsecls tie atovtateientters 18,127.27..... 14,327.00 
Net in favor of 


years has a present worth of $8.9796 at 2 
per cent, while at 6 per cent the present 
worth is $7.3602. Lower cost money re- 
duces the spread between the several plans 
for accomplishing a project. This is shown 
in Table I of this discussion by a comparison 
of plans A and B of Tables I and II of Mr. 
Jeynes’ paper, using 2 per cent and 6 per 
cent money. Instead of plan A being $980.00 
more favorable than plan B, it is only 
$374.00 better at the lower rate. This 
change in the relative economics may result 
in other factors controlling the final selection. 

Lower cost money does not mean the 
abandonment of the present worth concept. 
It does, however, reduce its value in the 
short term comparisons which must often be 
made in selecting facilities or in evaluat- 
ing relative economy when planning shore 
developments for military requirements. 
The permanency of the installation and the 
duration of the period during which the 
added facilities will be used dictate the 
interval of comparison in these cases. The 
three conditions precedent to the use of a 
single statement of annual costs, as outlined 
by Mr. Jeynes, are at present warranting this 
simplification of the problem. It is, how- 
ever, difficult to establish general criteria for 
determining when the present worth method 
may be dispensed with. It is always safe to 
make the detailed calculations involved in 
its use, although not always necessary to 
the exercise of sound judgment. 

One of the common problems encountered 
in providing utility services for military in- 
stallations involves the choice of alternate 
sources of providing for both expanded 
heating and electric power needs, where a 
boiler plant already exists with or without 
by-product electric generation. The prob- 
lem usually involves many facets. Often in 
working out the detailed calculations for the 
various possible solutions, it is found that 
many of the items of annual cost are the 
same in each case. It is not considered 
advisable to omit these from the detail of the 
study. Mr. Jeynes’ illustration in Tables I 
and II of his paper on present worth shows 
one of the pitfalls of omitting items of cost 
because they appear to set off each other. 
Most items of annual operation, mainte- 
nance, and replacement are found to vary 
widely with the type of equipment selected 
and in any long range problem a detailed 
estimate is required year by year. Items 
such as turbine and boiler maintenance pro- 
vide good examples of the variables encoun- 
tered in annual maintenance. Only a de- 
tailed year-by-year estimate of these ex- 
penses based on operating experience will 
give a true picture of the annual cost and 
present worth. 

Mr. Jeynes advocacy of the present worth 
method of treating depreciation will surely 
provoke discussion. Here the problem is to 
reconcile the differences between sound 
engineering economics and accounting prac- 
tice in a manner which may be clearly under- 
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stood by those who must make the final de- 
cision. His remarks concerning life esti- 
mates and retirement dispersion provide a 
brief but clear picture of the survivor life 
method. His suggestion to use the Iowa 
Type S: dispersion in estimating depreci- 
ation costs for a single unit when its group 
behavior is not determinate has been found 
to give satisfactory results in most cases. 

The problem of estimating salvage has 
become increasingly difficult in recent years, 
With shortages and rising prices plant items 
normally abandoned a few years ago may be 
salvaged now at values which are sometimes 
even higher than original cost. This factor 
like all of those affected by inflationary 
trends is not given to scientific treatment. 
The estimate must be based largely on judg- 
ment but salvage should be given a higher 
value in many instances today than was 
normally considered sound a few years ago. 
This is particularly true in short term esti- 
mates, 

The cost of money is important when 
selecting from several types of equipment. 
Low cost of money warrants larger invest- 
ment to reduce fixed items of annual cost, 
such as, core losses in transformers. In con- 
sidering such an item independent of the 
other variables of annual cost care must be 
taken to assure that other items are not 
materially affected by the changes necessary 
to reduce the fixed annual item, In con- 
sidering this aspect of the problem the pres- 
ent worth of the annual item under con- 
sideration should be evaluated in compari- 
son with the present worth of the added in- 
vestment. One must be careful not to con- 
fuse the present worth and capitalization 
methods in considering this phase of the 
problem. Either one or the other method 
must be used throughout in order that all 
comparisons will be on the same basis. 


REFERENCE 
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Paul H. Jeynes: Mr. Brownlee comments 
on the futility of computing break-even 
costs to four decimal places in Table III 
when it is impossible to predict future 
prices to one decimal with any assurance, 
The author is heartily in accord with that 
viewpoint. As a practical matter, an esti- 
mate of 1.8 per cent would be just as useful 
as, and a great deal less amateurish than, 
the estimate of 1.7942 per cent developed in 
the paper. At the same time, the latter 
version was adopted deliberately for the 
following reason. 

The use of several unnecessary decimal 
places emphasizes the fact that there is 
nothing subjective about the correct arith- 
metic. Given the same starting assump- 
tions, any two estimators must inevitably 
arrive at precisely the same final answer. 
Too often it is assumed that the arithmetic 
of economic comparisons differs from ordi- 
nary engineering calculations in that there 
is no single ‘‘correct’”’ answer, but a number 
of defensible solutions depending upon the 
estimator’s viewpoint with respect to the 
validity of present-worth calculations, his 
acceptance of some particular theory of de- 
preciation, or his preference for comparisons 
of ‘‘capitalized” costs rather than annual 
costs, et cetera. The facts are quite other 
wise, 

One of the major objectives of the present 
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symposium is to promote the idea that the 
arithmetic of economic comparisons is just 
as definitive and rigorous as Ohm’s Law. 
The fact that sound judgment is essential, or 
that approximations and short-cuts are 
acceptable in practical applications, should 
not be allowed to obscure this fundamental 
truth, as it does in much of the literature. 

A complete reply to Mr. Brownlee’s pene- 
trating inquiry concerning incremental 
capital cost of generating capacity cannot be 
undertaken here. That is the subject of a 
proposed technical paper under the title of 
“Evaluation of Capacity Differences in the 
Economic Comparison of Alternative Facili- 
ties,’ planned as a future contribution to 
the present symposium. 

Briefly, the additional investment in 
generating stations over a period of years 
may not grow in direct proportion to the in- 
creased peak loads supplied. Most utili- 
ties, on plotting year-end plant investment 
against the corresponding peak loads for 20 
years or more, discover that the investment 
has increased much more slowly than the 
peak loads, despite rising price levels. 

In other words, experience in the recent 
past frequently demonstrates that the in- 
cremental investment per kilowatt of peak 
load is substantially less than the average 
cost per kilowatt. It is possible that the 
reverse may be predictable in some cases. 
But in any event, it is necessary to recognize 
that the incremental cost, which is the figure 
required for the economic comparison, may 
differ appreciably from the average cost. 
Accordingly, the meticulously correct 
phraseology was used in the example with- 
out explaining the rather involved details of 
its estimate. 

The discussions presented by Messrs. 
Parkerson, Scharff, and Steinberg attest the 
practical nature of present-worth arith- 
metic. Mr. Steinberg is quite correct in his 
view that the year-by-year tabulation of 
annual charges per Table V is unnecessary, 
being equivalent to a single application of 
the capital-recovery factor. Again, that 
tabulation of annual charges was adopted 
deliberately, in order to emphasize the fact 
that use of the capital-recovery factor is not 
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abstract theory, but a faithful version of the 
book entries actually made by the account- 
ant as a result of the transaction. 

Mr. Knowlton’s comment on a lack of 
unanimity in interpreting the details of 
economic comparisons is mildly puzzling. 
A more specific indication of the particular 
details that appear to him to be confusing or 
lacking in uniformity would be helpful as a 
guide in future discussions on this subject. 

Possibly Mr. Knowlton feels that this 
symposium is confusing because it differs in 
several details with generally-accepted prac- 
tice in engineering economics. It is true 
that these papers do find serious shortcom- 
ings in a number of techniques commonly 
used in economic studies and frequently en- 
countered in the literature. The very fact 
that so much in common practice is bad 
practice is, of course, a major reason for 
undertaking this symposium on preferred 
methods. 

However, the symposium is not ade- 
quately described as ‘‘an exploration of 
engineering-economic . theories,’ uncon- 
cerned over possible lack of concurrence by 
accountants. On the contrary, it is devoted 
to presenting sound practical methods of 
evaluating in advance the same situation 
which would be revealed after the fact by 
orthodox cost accounting. 

The familiar assumption that cost be- 
havior necessarily signifies something differ- 
ent to engineers and to accountants, re- 
spectively, is responsible for much of the 
confused thinking in this field. It is be- 
lieved to be unlikely that accountants will 
differ seriously with any views expressed in 
these papers. On the other hand, it is more 
probable that they will feel it is high time 
the engineering profession recognized the 
factual nature of cost phenomena (as 
apposed to economic theory) that is empha- 
sized in this symposium. 

Messrs. Girard and Langlois are not con- 
vinced that all methods of accounting for 
depreciation ‘“‘yield exactly the same 
weighted average rate,’ and lead to the 
same answer to the economic comparison. 
The reason for their objection is not appar- 
ent; it must be based on some misunder- 


Jeynes—Economic Comparison of Alternative Facilities 


Sah _) 
" eal 


) > 


standing. The notion that assuming — 

particular method of accounting for de- 

preciation makes a difference in the cg 

nomic comparison is one of the most wid: 

spread and harmful fallacies of the ad 
world. 

It is obviously true that costs in dae 
years would be different, depending upon 
the method of depreciation accounting used, — 
which is an important consideration‘in rates 
making. But the weighted average of thi 
resultant annual costs remains the same i 
any case, and it is only this weighted 
average that is of importance in idee a 
comparisons. This instance provides 
good example of the urgent need to distin 5 
guish between desirable rate procedures an nd > 
techniques suitable for making economic — 
comparisons. 

Messrs. Girard and Langlois also calf 
attention to the California practice of com-_ | 
puting a return on reinvested reserves at a 
lower rate than on the initial investment; 
but their comment again appears to confuse | | 
regulatory matters with the making of | 
economic comparisons. For the latter pur 1 
pose, the enlightened California proc 
can be converted into a rate of return (7) on 
the investment, plus a depreciation annuity | 
(d) based on reinvestment at that same rate — 
i, the sum of which (=i+d) equals the 
allowed return (7’) on the rate base plus the > 
depreciation annuity (d’) based on reinvest- 
ment at the stipulated rate which is less | 
than i’. The reasons for this recommenda- | 
tion, as well as the reasons for that regula-_ 
tory practice, are discussed in a companion - 
paper. 

Mr. Treadway’s remarks illustrate the | 
sort of conclusions which the author hoped — 
would be drawn from this paper. That is, a | 
thorough understanding of the meticulously © 
correct arithmetic facilitates development 
of reasonable approximations and accept- 
able short cuts, as well as the over-all exer-_ 
cise of truly sound judgment in practical 
applications. 
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Steady-State and Transient Synthesis of 
3-Phase Reluctance Motors (Synchronous 


: Motors Without Field Excitation) 


MOSTAFA E. TALAAT 


ASSOCIATE MEMBER AIEE 


Synopsis: In this paper the 2-reaction 
theory of synchronous machine analysis has 
been extended to obtain a synthesis pro- 
cedure for 3-phase reluctance motors. Ex- 
periments were made on a motor with a 
rotor especially designed and constructed to 
conform with the assumptions of the gener- 
alized 2-reaction theory. Results of a 
differential analyzer investigation formed 
the basis for a method for simultaneous 
steady-state and optimum transient syn- 
thesis. 

In the synthesis procedure presented, the 
assumption is made that the desirable pull- 
out torque, load torque to be pulled into 
synchronism, load inertia, supply voltage, 
supply frequency, and desired motor speed 
are specified. Certain stator laminations 
are assumed to be available. The maximum 
flux density in the stator teeth and the 
maximum current density in the stator con- 
ductors also are specified. The synthesis 
procedure then aims at obtaining the 
optimum design using the available stator 
laminations. 


P TO the present, literature on re- 

luctance motors!? has been very 
scarce. Their limited use in the past 
made the extensive study of the theory of 
their performance or design seem not 
worth the effort from a practical view- 
point. However, the recent increasing 
needs for small synchronous motors and 
also the requirement that such motors 
should pull-in certain load torques at cer- 
tain load inertias, has increased the im- 
portance of the problem and has made the 
study of the transient performance of re- 
luctance motors desirable. 

In this paper the methods of analysis 
presented in the 2-reaction theory of syn- 
chronous machines by R. H. Park**° has 
been developed and transformed to forms 
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which are most suitable for a desirable 
synthesis procedure. The transformed 
equations used give the desired perfor- 
mance of the reluctance motor in terms of 
its dimensions and physical constants. 
A motor with a special rotor shape con- 
structed to verify certain assumptions 
was used as an example. An intensive 
study was made on the differential an- 
alyzer which led to the pull-in criterion for 
reluctance motors. This pull-in criterion 
was verified quantitatively and qualita- 
tively in different ways. 


Discussions and Conclusions 


The synthesis procedure presented 
here is based on a stator magnetic circuit 
of fixed contour. It makes use of the two 
families of curves, T,,/A (Figure 1), and 
Tpi/A together with the universal curve 
Trio/A (Figure 2). When the pull-out 
torque, and load torque to be pulled in at 
a certain inertia are prescribed, then a 
direct solution for optimum pull-in per- 
formance may be obtained for the follow- 
ing quantities: 

1. The ratio of minimum to maximum 
equivalent air gap. 

2. The equivalent length of stack. 

8. The rotor resistance. 

4. The minimum equivalent air gap. 


5. The number of stator conductors per 
phase. 


Such a desirable optimum synthesis has 
become possible through the use of the 
universal curve Ty/A (Figure 2) to ob- 
tain a solution for y as indicated by equa- 
tion 35. In using this universal curve 
only significant values of y should be con- 
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sidered. For instance, for the given 
numerical example the flux plots given in 
Figure 3 show that y cannot be greater 
than about 0.06, otherwise assumption 12 
becomes invalid. This means that solu- 
tions for y of equation 35 less than 0.06 
will not be significant. The method may 
show that it is impossible to obtain a 
positive real y greater than 0.06, which 
will satisfy the given prescribed perform- 
ance. This would mean that the size of 
laminations tried is too small and that a 
larger size should be used. 

The use of the special rotor shape (Ap- 
pendix I) to satisfy assumptions 4 to 6 
inclusive has also led to the expressions for 
Naa) X aid, Xaq, and Xqig in terms of dimen- 
sions and geometry of the machine as 
given by equations 9 and 10. Figure 4 
shows a comparison of calculated and 
measured values of the synchronous react- 
ance as a function of rotor position. This 
comparison was made for a motor with a 
solid Armco iron rotor constructed as out- 
lined in Appendix I. The figure shows 
that the greatest discrepancy from sinu- 
soidal variation of self-inductance is about 
10 per cent. 

The pull-in criterion as presented by 
equation 64, and the expression for pull-in 
torque in its synthesis form as given by 
equation 16 together with its presentation 
by the family of curves shown in Figure 2 
is believed to be original. This pull-in 
criterion was derived through an inten- 
sive study made on the differential an- 
alyzer. A comparison of results obtained 
from analyzer runs with results calculated 
using criterion is given in Figure 5. Figure 
6 gives a comparison of calculated values 
of slip So using equation 62 and values ob- 
served during analyzer runs. The cri- 
terion was also tested by varying the 


Paper 51-361, recommended by the AIEE Rotating 
Machinery Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Fall General Meeting, Cleveland, Ohio, 
October 22-26, 1951. Manuscript submitted 
March 19, 1951; made available for printing Sep- 
tember 12, 1951. 


Mostara E. Tavaat is with University of Pennsyl- 
vania, Philadelphia, Pa. 


The author wishes to express his gratitude to Dr. 
C. N. Weygandt of the University of Pennsylvania 
for his advise, interest, and encouragement in the 
carrying out of this work. 


1963 


A=see equation 17 

a=see equation 18 

A»y=area of rotor bar 

A; =area of rotor end ring 

A,=area of stator slot 

B-,;=maximum flux density in rotor core 

cs =maximum flux density in stator core 

By» =maximum flux density in air gap 

By =maximum flux density in rotor teeth 

By; =maximum flux density in stator teeth 

ba =equivalent rotor slot opening at the air 
gap 

bos =equivalent stator slot opening at air gap 

c=see equation 20 

D,=approximate average diameter of rotor 
end ring 

D;=stator core bore 

d; =density of lamination iron 

é€m=peak terminal voltage per phase 

€ma= peak air gap voltage per phase 

f=supply frequency 

g=equivalent air gap at any point 

g’=physical air gap at any point 

ga=equivalent minimum air gap 

ga’ =physical minimum air gap 

g=air gap equivalent to effect of finite 
permeability of iron 

£g=equivalent maximum air gap 

gq’ =physical maximum air gap 

ig, 1o,t¢e =instantaneous currents in phases a, 
b,c 

imm=Mmaximum allowable current per phase 

Jz,=\load inertia 

J, =rotor inertia 

J =total inertia 

Jm=maximum allowable current density in 
the stator conductors 

k=0.18, p>2; k=0.36, p=2 in equation 31 

k,-=Carter coefficient at any point on the 
stator periphery; see equation 48 

ka=stator distribution factor for funda- 
mental 

kn, =stator winding factor for all harmonics 
(see reference 6) 

kn2=rotor winding factor for all harmonics 
(see reference 6) 

kp, =stator pitch factor for fundamental 

s=stator slot factor 

Rw, =stator winding factor for fundamental 
components 

Le=length of end winding=ZeitLe (see 
reference 6) 

*All units are in meter-kilogram seconds. 


Nomenclature* 


Ly=length of rotor bar 

L, =length of rotor end ring 
Lo=see equation 7 
Ls=length of stack 


N=number of stator turns per phase 
N,=number of stator conductors per slot 
n=motor speed in rpm 
p=number of poles 
Q.=number of rotor slots or bars 
Qs=number of stator slots 
Ria@=rotor resistance in the direct-axis 
Rig=rotor resistance in the quadrature-axis 
r=stator resistance per phase 
r, =see equation 25 
ryq@=see equation 15 and 29 
so=slip speed at beginning of synchronizing 
periods in radians per second 
t=time in seconds 
Ty,=load torque 
4wxg 
Tras Le 
opem* 
Tpi=pull-in torque 
Tpio =optimum pull-in torque 
Tpo= pull-out torque 
Ts=starting torque 
V=line to line supply voltage (rms) 
xq=direct-axis synchronous reactance 
Xq=quadrature-axis synchronous reactance 
Xi@=direct-axis self-reactance of rotor re- 
ferred to stator 
Xjig=quadrature-anis self-reactance of rotor 
referred to stator 
Xra=direct-axis leakage reactance per phase 
Xrg=quadrature-axis leakage reactance per 
phase 
x; =see equation 26 and 30 
Xria=direct-axis leakage reactance of rotor 
referred to stator 
Xriqg=quadrature-axis leakage reactance of 
rotor referred to stator 
Xiaq=see equation 27 and 31 
Xaa=direct-axis armature reaction synchro- 
nous reactance 
ag = quadrature-axis armature reaction syn- 
chronous reactance 
xa”, Xe” =direct- and quadrature-axis sub- 
transient reactance 


aa 


ij 


Xag=magnitude of mutual reactance b 
tween a phase winding and th 
direct-axis rotor winding referred to 
stator side 

Naw=magnitude of mutual reactance bt 
tween a phase winding and the quad 
rature-axis rotor winding referred t 
stator side 

y= ga/ke 

ag=wRia/Xua 

aq wRig/Xiig 

8=see equation 19 

y=angle in electrical radians betwee 
magnetic axis of phase @ and a 
point on the stator surface 

5=angle in electrical radians between m: 
netic axis of phase @ and rotor dire 
axis 

5’(0) =motor speed in electrical radians pe 
second at the initial instant 


@=wit5 

Ne =length of magnetic flux path in rotor 
core 

Nes =length of magnetic flux path in stator 
core G 

Nr =length of magnetic flux path in rotor 
teeth } 

\s=length of magnetic flux path in stator 
teeth 


Mo\sr =rotor slot permeance (reference 6) — 
koAss =Stator slot permeance (reference 6) — 
MoArrr =rotor tooth top permeance (reference 
6) 
Mods =Stator tooth top permeance (refer- 
ence 6) ; 
uo=permeability in air=4rX10-7 henry/ 
meter (meter kilogram second) 
Mer =Magnetic permeability of rotor core 
Kes =Magnetic permeability of stator core 
Mtr =magnetic permeability of rotor teeth — 
Key =magnetic permeability of stator teeth 
pr =resistivity of rotor conductor 
ps=resistivity of stator conductor 
o =see equation 21 
Tsor =rotor slot pitch at the air gap 
Tsgs =Stator slot pitch at the air gap 
¢iaa=fundamental armature reaction flux 
in phase a due to ig 
¢éiad=fundamental armature reaction flux 
in phase a due to 7p 
¢éiaa=fundamental armature reaction flux 
in direct axis rotor circuit due to ig — 


machine constants and observing their 
effect on the pull-in torque. Analyzer 
runs made in that respect showed close 
agreements with predicted values when 
calculated using the pull-in torque as 
given by equation 64. Table I gives a 
summary of results obtained for a fixed 
total inertia of three times the self inertia 
of the sample motor. It also was observed 
from analyzer runs that different angular 
positions of rotor direct-axis with respect 
to the magnetic axis of phase a at the ini- 
tial instant affects only the time taken by 
the motor to pull-in but has no effect on 
the criterion. Figure 7 gives typical ana- 
lyzer runs for pull-in case, nonpull-in case, 
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and critical case. In Figure 8 is givena 
typical oscillograph for three similar cases 
for the sake of qualitative comparison. 
The comparison of analyzer results with 
criterion results given in Figure 5 and 
Table I also shows that the criterion is a 
little on the pessimistic side. This, how- 
ever, is more desirable if any factor of 
safety is to be considered. 

It also must be remembered that in 
order to obtain a certain prescribed per- 
formance and at the same time achieve a 
reasonable length of stack, the appro- 
priate size of laminations must first be 
selected. In order to readily make this 
selection from many laminations of dif- 


Talaat—Synthesis of 3-Phase Reluctance Motors 


ferent sizes, it is suggested that this syn- 
thesis procedure be applied in a routim 
study of existing laminations for standard 
ratings. If this were done, it would be 
possible to formulate rules for the selec- 
tion of lamination sizes for standard rat- 
ings.. \ ¥ 
It should be mentioned that there is a 
minimum limit on r;q¢ which is governed 
by the fact that the starting torque mus! 
be greater than the load torque to be 
pulled in, otherwise* the motor would 
never start. Therefore, if the value of 
riq determined by the synthesis procedur 
cannot satisfy this condition, then a di 
ferent size lamination has to be tried i 


Tee 


order to obtain the prescribed perform- 
ance of the 3-phase reluctance motor. 

It is necessary to point out that the 
miethod of synthesis presented here aims 
at obtaining an optimum pull-in torque 
at a given inertia from laminations of a 
certain size. In other words it is best ap- 
plicable to cases where it is important to 
design for a high value of pull-in torque 
at a prescribed inertia. This point of 
view has been the primary interest of this 
paper because it represents one of the 
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Figure 2 (above). 


most difficult problems in the design of 3- 
phase reluctance motors. However, for 
cases where other factors are more im- 
portant the steps previously outlined may 
not yield the best solution and therefore 
should not be followed. For instance, in 
cases where the main problem is to obtain 
the highest pull-out torque from lamina- 
tions of a certain size, it is clear from the 
nature of the family of curves presented in 
Figure 1 and the expressions for A and 6 
given by equations 17 and 19 respectively 


Figure 1 (left). 


Pull-in torque family of curves. 
universal curve of optimum pull-in torque 


Pull-out torque family of curves 


Dotted line is the 


that the best choice of y is the minimum 
realizable y, namely y=0.06 in the given 
numerical example. 

On the other hand, for cases where ob- 
taining the highest efficiency of maximum 
load is of primary importance, a different 
problem arises. However, if expressions 
for iron losses, friction and windage losses 
can be developed in terms of the machine 
dimensions and physical constants, then 
a similar method of attack could be used 
and an expression for efficiency may be 
obtained, which would depend on y and 
other parameters. Curves similar to 
those presented in Figure 2 could then be 
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” 
= MEMMTSTEGG)y, wiisice5s, 803.6 pi'sucre see ae OUT OM aes (ad Aobarasmrucececey dun cence OUR IZ.G stant ars teen ea) 2 a0 ade ONETGY ca ccparays yore sraretnetete rs ORL O ha oaieneirenges cakes tos ustareys 0.10 
‘d 
se 5, Go. NRC RE ER RC RRC 0.0784,..... Oi OF BA Sergent Gtacu ger od aa QAO BA Bee eyeies adios cues OnOT BE terete wate terre an OR OTSA scitre waver cratrataveteik 0.125 
d 
ad 
oa he OF 255 Bacco ise OSD De tei neta eels < afixe OSZD Mit cunss siantisaapts O20) Seraetersra ict vers ORZO)ee Gieictslnstra ee weet 0.20 
w 
SE 5 sce: acajacha ssn OEE ee ONS 75) neg ee ee ORS Dare vi korn 020m terar ee take (20) Siena: ae ee en 0.20 
w 
_ Tpi by equation 64.......... On Sie enctaterets (UR VE Aine dan cou sic ONGIE Saale anrowis OP BAe terete Nentarsntsrace OR ZIG WA erates Wesnenacato-stou siete 0.196 
Tri by analyzer............. O) EGG) a5 aie os 0,075< Tpi<0.1......0.075 < Tps<0.1......0.2< Tpri< 0.225...... 0.225< Tpi< 0.25...... 0.175<Tpi < 0.225 
Note: Values of Tpi in this table are referred to a base torque = 3pem?/4wxa. 
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Gq= 2094 


Figure 3. 


Flux plots for obtaining the minimum limit on y to satisfy assumption 12 for the given 


laminations 


plotted for efficiency instead of pull-in 
torque. A universal curve of optimum 
efficiency as a function of y only may re- 
sult. The synthesis method could then 
be adapted to obtain the simultaneous 
solution for y and L, to yield a certain 
prescribed pull-out torque and maximum 
efficiency. 


General Theory 
In this paper the analysis equations 


which are developed and transformed to 
the desirable synthesis forms are based on 


— CALCULATED 
—-— MEASURED 


the generalized 2-reaction theory of syn- 
chronous machines, in which the following 


assumptions are made: 


ASSUMPTIONS 


1. Saturation, hysteresis and eddy currents 
in all magnetic circuits are neglected. This 
linearizes the machine. Eddy currents in 
electric circuits and charging currents be- 
tween electric circuits or parts of circuits also 
are ignored, 


2. Each armature phase winding is sinu- 
soidally distributed. In other words a 
sinusoidal space distribution of magneto- 
motive force is considered. 


Figure 4 (left). Comparison 
between calculated and meas- 
ured values of the synchronous 


reactance as a function of rotor 
position 0 


SYNCHRONOUS REACTANCE x(e) 


20 40 60 80 
ROTOR POSITION 9° 


100 120 140 


_ 
co 
> 
for) 


Figure 5 (right). Comparison (= 

of results obtained from the 

differential analyzer runs with 

results calculated using the 
pull-in criterion 
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3. The pole structure is symmetrical about 
Asymmetrical 3-phase — 


the axis of the pole. 
armature isassumed. Each armature wind- 
ing is symmetrical with no fractional slot 
windings. 


4, The variation of armature phase self — 
and mutual inductances contains only zero — 


and second harmonic sinusoidal space com- 
ponents. oe 


5. The magnitude of the second harmonic 


components of armature phase self and 
mutual inductances are equal. 


6. The variation of the mutual inductances 
between any armature phase circuit and any 
rotor circuit with respect to rotor position is 
purely sinusoidal. 


7. The self and mutual inductances of all 
rotor circuits are independent of rotor posi- 
tion. This neglects the effect of the stator 
slots. 


8. Effective flux linkages are produced only 
by the fundamental component of air gap 
flux density. 


Subsequent to the above mentioned 
assumptions, the following assumptions 
also are made: 


9. The equivalent iron has infinite perme- 
ability with respect to that of the air. 


10. There are no slots in the equivalent 
armature surface. 


11. The armature current is concentrated 
at points along the equivalent armature sur- 
face. 


As a result of the last two assumptions 
the armature magnetomotive force be- 
comes equivalent to a distribution of mag- 
netic potential along the armature sur- 
face. 


12. The length of the magnetic flux path 
from the stator surface to the rotor surface 
is equal to the radial length of the equiva- 
lent air gap from a point on the stator sur- 
face to the point of intersection of the line 
connecting this stator point with the center 
and the equivalent rotor surface. 


ANALYSIS EQUATIONS 


By neglecting resistance in Park’s volt- 
age equations for the unexcited syn- 
chronous machine, and assuming opti- 
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Figure 6. Comparison of calculated 
values of slip S) using equation 62 


Appendix Il with values observed 
during analyzer runs 
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mum steady-state operation to be in the 
vicinity of zero power factor and 26=90 
degrees, then the maximum possible cur- 
rent is given approximately by 


(1) 


Also from the manipulation of Park’s 
equations under steady-state balanced 
operation and neglecting second order 
terms in 7, the pull-out torque of the re- 
luctance motor is given approximately by 


_ 8pem* xa—%Xq atin te 
Xa Xq 


8wxaq Xq 

From equation 64, Appendix II, and 
by neglecting second order terms in r in 
equations 55 to 59 inclusive it can be 
shown that the expression for pull-in 
torque is given approximately by 


sak Gee ae , 


us 203 Sxaxq 
+ fat’) (see) (3) 
2«aRia Xa Xq 
Also from the manipulation of Park’s 
equations at starting, then it can be 


shown that the starting torque equation 
is given by 


(2) 


(= alg” 
xq" Rig 


2 R 
a 9 2 6 2 + 
9 € +R) + (Zeu+Xne) 
3 3 
Hue (4) 


2 2/2 2 
Gr +Rig ) aF (Fou +Xzi19 


TRANSFORMATION OF ANALYSIS 
EQUuATIONS 


From the standpoint of allowable cur- 
rent density J,, it follows that 


Figure 7. Typical differential analyzer runs 


700 


ksAsQs 


6N J) 


tmm=JIm 


The stator resistance is given by 


_12N%Lo+Ls)os 


OsksAs (6) 


where 


Ds 
Lp =2Le+2kp — (7) 
P 
From Appendix I, it can be shown that 
the maximum flux density in the air gap 
for limiting balanced operation, namely 
in the vicinity of 26=90 degrees, is given 
by 


3u0 ZkurN (5+6y+5y?)? 
= 7 

oa Pp 4gq 

Also, from Appendix I, the armature 
reaction synchronous reactances in both 
the direct and quadrature axes are given 
respectively by 


m mm (8) 


3 2k NV \?2 3 
Xad = 2 Xaia =30— (2 mn ) DsLs oe 
w 


3 2k \2 1+3 

vas 5 Xue 80 1 Dats +3y 
2 7 p 

(10) 


Now by inserting the value of tnm 
given by equation 1 into equation 8 and 
neglecting leakage reactances as com- 
pared to armature reaction reactances, 
that is assuming 


(11) 


and then using the expressions for xgq and 


Xa=Xaa and xg =Xaq 


Xaq given by equations 9 and 10 respec- 
tively, then it can be shown that 


2(1+y) 


lbp bp eam ee (IPA 
ED. a. gp Bye A 


By inserting the value of im given 
by equation 5 into equation 8, then 


a HoImRuiksAsQs (5+6y+5y?)® 
tpBm 4 


ga (13) 
Again by assuming that the leakage 
reactances are negligible compared to 
armature reaction reactances, and by 
using equations 6, 9, 10, 12 and 13 into 
equation 2, then the desirable pull-out 
torque equation form for synthesis is 
given by 
fk: 
F = Ahly) fil) (14) 
and by further assuming a symmetrical 
rotor winding that is 


Ria= Rig = (Rw N)*na (15) 


then the desirable expression for the pull- 
in torque froma synthesis standpoint is 
given by 


Lae ee 
A =afs(y)—fly) (16) 
where 
A=a(Lo+Ls) (17) 
G=2pkeA Os Im (18) 
cLs 
acs 19 
A (19) 
(7 kuiDsBmksA sOsIm (20) 
om 8w ( Rwi(DsLsBm 2 ia (21) 
mriaps(Lo+Ls) \ksAsQsJ(pJm)* 
GS way)? 
= 22 
AO Grays G+eyrayys 
ia Ga nat9) P 23) 
od beers 
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FRACTIONAL SLIP 


TIME IN SECONDS 
1967 


0,07| 014 | 10 


0.07 | 014 | 10 


0,07} 0.14 10 


a. PULLIN CASE 
b, NON PULL*IN CASE 
© CRITICAL CASE 


(A) TIME IN SECONDS 
‘ _ a 1-| yh : l—¥ i 
My) = Gay By ha E +-39)(3--y) 
(24) 


By using the following definitions in 
equation 4 


o 


arene (25) 
2 

avid wm, V8 (26) 
Nid = Nid kw N)4 (27) 


then, the expression for the starting 


torque in synthesis form is given by 
4 & y 


20( kw DylyBm)* y, 


at 
p 
kwi"ia A( Ly)" 
(rich Rer*nia)® (it Rar taia)? 5--Oy-- by? 
(28) 
where, from reference 6 
9 Ly QL ) ae 
rGi=ap = 
tit hy A ney wipea y ( ) 


kn® ory ah Ateg 
m= on] ( a dD, 3 = y Asal uw) ee 
_\rp Aga Qs 
OAkwile 
p 


a | Rely ‘ee : 
(* D; 3 | si! sn | Muy Bete 
he wp* dua Qs 


QkrD, 
vp" | Bh 


Nid = Say 


QnnnraL SYNTHS PROcRDURR 


In Wgure 1 is presented a family of 
curves for 79/4 asa fiunetion of y and the 
dimensionless parameter 8, In Figure 2 
is given a family of curves for 7))/A asa 
funetion of y and thedimensionless param- 
eler o, Qiven also is a universal curve 
which is a funetion of y only, namely; 
1 ‘pte A =fo(y) (32) 
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Figure 8. Typical oscillograph pictures 


? 


Now, the pull-out torque, load torque 
to be pulled into synchronism, load in- 
ertia, supply voltage, supply frequency 
and desired motor speed are assumed 
known. The maximum flux density in 
the stator teeth and the maximum current 
density in the stator conductors also are 
prescribed, The suggested synthesis pro- 
cedure is then outlined in the following 
steps from the point of view of a manu- 
facturer who already has stator lamina- 
tions of different sizes and who desires 
to use such laminations to obtain for each 
size the optimum design for 3-phase re- 
luctance motors. 


1. Caleulate p from 


p=120f/n (33) 


2. Enter Tpio/A at 0.062Zy2Z0.3 and use 
the corresponding value of f(y.) together 
with the specified 7; to determine an Aj. 
The corresponding value of 0; is also noted, 


3, Use specified Tyo, determined A, and 
chosen y; to obtain B; from Figure 1, 


4, Vorm the product 6,4; and solve for a 
tentative Ls from 


BiAy : 


Ly => 


RwiksA sQsDsBmJm ia) 
5. Use Ls, obtained by equation 84 to 
calculate an A and 6 as given by equations 
17 and 19 respectively and compare the re- 
sults thus obtained with the previous values, 
If they agree, then y; is the correct solution. 
If they do not agree then try another value 
ye and repeat steps until y is obtained which 
gives consistent results; This is clarified by 
mathematical language if Ly is eliminated 
between equations 14 and 82 and the re- 
sulting expression involving y as the only 
unknown is considered 


a Trof(y) a CT piofi(y) “ha Tpiofx(y) + 
aclof(yfi(y)=0 (35) 


It is then easily seen that all the real positive 
roots of equation 85 which satisfy assump- 
tion 12 provide all the possible solutions for 
an optimum synthesis, 
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6. Use final value of Ls to determine the 
approximate value of rotor inertia 


Jn= ye Datleadt (36) 


7. Use Ls and the corresponding « to ob- 
tain r;q from equation 21. 


8. Use y to determine gg from equation 13. 


9. Also use y, Ls, and rq in equation 28 to 
solve for x;q if a starting torque is specified. 
If not, then check for Ty>Tyz, after the 
design is completed. 


10. From formulas similar to equations 29 
and 31 choose the number of rotor slots, — 
their size and shape and the end ring dimen- — 
sions to satisfy the values obtained for na 
and x14. 


11. Use y and Zs in equation 12 to deter- 
mine the number of stator conductors per 
phase and their size. 


NUMERICAL EXAMPLE 


Prescribed. Pull-out power=1/40 
horsepower, pull-in power 1/50 horse- — 
power, J,=3.6X10—4 watts XX cubic 7 
second, V=115 volts, f=60 cycles per 
second, »=3,600 rpm. Stator lamina- — 
tions: core diameter =3.808 inches, Dp= _ 
2.043 inches, Q,=24, A,;=0.118 square 
inch. Take: k,=0.2, J;,=4o>@l0% ania 
peres per square meter, B,=0.8 weber 
per square meter, winding throw=3/4 
resulting in kp; =0.923. 


Results. From equation 33 p=2, — 
therefore kg=0.958 and ky:=0.885. 
For V=115 volts take 2L,=2 inches, | 
then L,=3.9 inches. ; 

1. Assume iron+friction-+-windage 
losses=9.4 watts. Therefore, Tpo= 
28/0 watts xX second. JT, pt = 24.3/0 
watts X second, Try 91:=0.15: Tpo/A= 
0.380 (Figure 2), therefore 4;=81/@ and — 
o=5, 

2. Tyo/Ai=0.35 therefore B,=4 (Fig- 
ure 1), 

3. From equation 34 L4=1.5 inches. 


AIEE TRANSACTIONS. 


4. From equation 17 A=81/w 
(checks), and from equation 19 B=4 
(checks). 

5. From equation 36 J,;,=1.210~4 
watts per cubic second. 

6. From equation 21 mqg=5.02*1075 
ohm, 

7. From equation 24 gg=23.3 mils. 
From equation 51 g;=3.8 mils. There- 
fore, ga’kea=19.5 mils. b,;=90 mils (ob- 
tained by experiment or flux plotting for 
type of slot used). 

8. From equations 6 and 25: 7,=6.03 
X10~ ohm (for copper). From equa- 
tions 30 and 31 and curves in reference 6: 
%=2.7X10—> ohm, and xjg=2.6*10- 
ohm (see step 9 for dimensions of rotor). 
Therefore, 2w7s,/pb=110 watts>24.3 
watts per pull-in power. 

9. Use aluminum fo1 rotor bars. As- 
sume Q2=18, Ly=L;=1.5 inches. Take 
rotor slot of shape and dimensions as 
shown in Figure 9. Therefore, 4,=0.034 
square inch, 7,=2.0710~> ohm. Now 
estimate: b,,=108 mils, Tsyg,=350 mils, 
then from equation 48 g,’=12.5 mils. 
Also L,=4.85 inches, r1,= 11g —"1y = 2.95 X 
10~ ohm, giving A,=0.07 square inch. 
Therefore, end ring thickness = 0.14 inch. 

10. @m=94 volts. Since leakage=6 
per cent, then em,=88 volts. From 
equation 12 N=472 turns, therefore, 
N,=118 conductors and wite size=k,A,/ 
NV; gives B and S number 26. 
| Experiments made on a 3-phase re- 
~ luctance motor of approximately the size 

and dimensions calculated yielded the 
following results which are given here for 
comparison: Pull-out power =22 watts > 

18.6 watts as specified. Pull-in power at 

J=4.8X10-4 watts * cubic second= 

15.4 watts>14.3 watts as specified. 

207 4/p=129 watts> 110 watts as calcu- 
_ lated in step 8. 


Appendix |. Rotor Shape to 
Satisfy Assumptions 4, 5 and 6 


The fundamental component of the mag- 
netomotive force due to armature phase 
currents 7g, 7p,ic at any point A on the stator 
surface is given by *4 


2 2kwN 


[ig cos y+iy cos (y—120)+ 

Uc cos (y+120)] (37) 
Now let the permeance at point A be defined 
by" 


p= 38 
(7,8) 0) (38) 


*After writing this paper it was discovered that 
substantially the same assumption was made in 
‘Patent Number 1,915,069 issued to W. J. Morril 
and W. A. Pringle, June 20, 1933. 
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1 1 

—~ =— [((1+y)+(1—¥y) cos 20 39 

OMe Osini leas ] (39) 
Therefore, the armature reaction flux 


density B(y, 0) at A is then given by 
By,0) = Fi(y)P(7,8) 


By expanding equation 89 and gathering 
only fundamental terms in y, then the 
fundamental space component of flux 
density is given by 


(40) 


2 2k N ; 
By(y,0)=- — — fs [otsyli cos y+ 
wo p  2ga 


ip cos (y—120)+7, cos (y-+120)} + 


1 
3 (1-9) [ia cos (y—26)+in cos (y— 


20+-120)+4, cos (720-120) | (41) 


Consequently, the total fundamental arma- 
ture reaction flux in phase a is given by 


w/a Wy, ff: 
tal fcr 2 ( ”) (42) 


It can then be shown from equations 41 
and 42, and basic principles that the arma- 
ture reaction self-inductance of phase a is 
given by 


horNebiaa(9) _ = er my Dil 
p 7 
[(1+y)-+0.5(1—y) cos 20] 


Laal9) 3 


ta us 


(43) 


Also that the armature reaction mutual in- 
ductance between phases a and b is given by: 
kwiNeboav(0) _ to(2eaty Dsl 

ty 1. pb La 
[—0.5(1+y)+0.5(1—y) cos 20] 


Lav(0) = 
(44) 


From equations 43 and 44 it is readily seen 
that an equivalent air gap given by equation 
39 satisfies assumptions 4 and 5. 

Again from equation 41, the fundamental 
armature reaction flux in the direct-axis 
amortisseur winding is given by 
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Figure 9. Shape and dimensions of slots and 
general shape of rotor contour 
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w/ot0 Ds 9 
dbuald) = Bi(y,0)Ls ~ i( > 7) (45) 
—1/2+0 2 P 


Consequently the armature reaction mutual- 
inductance between phase a and direct-axis 
rotor circuit is given by 


hor Nobarald) ss 2H0 


va Ww 


2 2 3- 
( kw’) Dirt, 22 
p 4ga 


Similarly it can be shown that the armature 
reaction mutual-inductance between phase 
a and quadrature-axis rotor circuit is given 
by 


Quo 2 a> Ge 
Lig(6\— = - ‘Gbnw) Dla y 


Laia(0) = 


(46) 


cos 0 


—= sin @ 
La 
(47) 


From equatioris 46 and 47 it also is readily 
seen that an equivalent air gap given by 
equation 39 satisfies assumption 6. 

Now from reference 6 and assuming that 
the stator inner radius is large compared 
with the air gap at any point, then the 
equivalent air gap at any point is given by 


rant) _ 
Tsgs(5g+ bos) — bos? 
£ Tsgr( 5g! + Bor) 
Tsqr( 5g’ + bor) — bor 


Z = keg’ = 


=e’ (48) 


If the equivalent air gap at both direct- and 
quadrature-axis are known, the equivalent 
air gap at definite angles could be found and 
the physical air gap at the same definite 
angles be calculated from equation 48. 
The required rotor dimensions to satisfy 
assumptions 4, 5, and 6 can thus be ob- 
tained. To take account of iron and satu- 
ration it was found appropriate toreplacer 
(8+y)/4¢a and (1+38y)/4¢q in equations 46 
and 47 respectively by 


tei 3+y 
= NngemeaTe 
ted 1+3y 
Gy ~ 3 +21 -+ 2991 
where 

Bie Nts .Bordcs, Durkin. Border 
Uy bree oveererearn 


(51) 


MV 
- 49 
qi] (49) 


Wi — 991) | 
5 
(2+m+9m)? p) 


Appendix II. The Pull-in 


Criterion 


By methods similar to those presented in 
references 5, 7, and 8 it can be shown that 
the formula for the electric torque of the 
reluctance motor near synchronous speed 
with armature resistance included is given 
by 


Te=Test+Tea (52) 

where 

Tes = hse sin 25+-Rro — kre cos 26 (53) 

ie =F (haat bes cos 28) (54) 
1969 


Ma hy 
Apt! Ky Yr 
hn= } m / -( a (55) 
Kuka Lf ft fone ua Ky 
Kd Hy 
t Ka Ky 
Xa wy . 
hy = leony j (56) 
r 
| 
ha XY 
Kathy 
he hero (87) 
Ka Ky 
Spen' 
Hua "wa Wy Kg" v4 
hay = 4 | | 4 h 
(1 y ‘) Hy «agi Wal 
Ya My 
wal yh 
Kae wa P 
¢ f-—— | (58) 
wana \ ig" 
Aspen 
Hug Md Mg m= ag” yi 
hay = 4 | | 4 
{ | Lie hy yy Ny 
Na Wa 
wan oat’  rt\) 
1 (59) 
winta , | 
Based on observations made on tany 
(differential analyzer rine the  followlay 


HOSP Lois are made: 


1, ‘The motor tas already reached a slip 


170 
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speed —So in electrical radians per second 
through the induction motor action, when 
the synchronizing period begins. 


2, The synchronizing period beging at 
b,=0 (or —«) with the direct axis in line 
with the magnetic axis of phase a and ends 
at bye —9/2 (or —Bn/2) with the quadra- 
ture-axis in Hne with the magnetic axis of 
phase a, 


4, During the synchronizing period the 
slip speed varies according to the formula 
obtained from the solution for dé/dt obtained 
from the following differential equation 


2 0% r , 
5 Mh 7h hen oir 26 (60) 
namely 
Lh 
. = 55 con 8 
W > rs] i 

PAA A(or TA —s ") (61) 
where 
Sy = (pheay/ J) (62) 


Accordingly, by integrating the equation 
of motion as given by 


2 a tT (63) 
p dt ie 

between limits: O4b64—"/2 (or wd 
64 —bw/2) and vsing equations 62, 63, 64, 


No Discussion 


HW 
and 61, there results the following erite 
for pullin torque, 


2 
Ty = . So (kao kar/3) — kero 
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Characteristics of Reluctance Machines 


CHI-YUNG LIN 


STUDENT MEMBER AIEE 


LTHOUGH thousands of reluctance 

motors have been used in domestic 
appliances, laboratories, and in indus- 
trial plants, a review of the literature on 
reluctance machines!—'* has revealed the 
need for an improved but simplified 
method of analyzing their performances. 
Such a method may be found by the ap- 
plication of equivalent circuits developed 
by the author in a companion paper. 
Two alternative circuits of fundamental 
frequency are used in this paper to illus- 
trate the usefulness of equivalent circuits 
in studying the operation of reluctance 
machines. 

The application of these circuits 

-not only will simplify materially the 
complete performance calculations, but 
also will make possible the direct calcula- 
tions of pull-out characteristics, and char- 
acteristics with the known mechanical 
power output without resorting to the 
trial and error method, mentioned by 
Trickey.}? 

Since a clear picture of the nature of 
reluctance torque may be important in 
understanding the behavior of reluctance 
machines, a fundamental analysis of this 
torque is also presented, and the factors 

influencing it investigated. 

The following assumptions have been 

made. 


1. The eddy current and hysteresis losses, 
and the saturation effect can be neglected. 


2. The distribution of air gap permeance 
per unit area is independent of the order of 
magnetomotive force harmonic, and has a 
‘space period rs (see Appendix III for expla- 
nation of all symbols). With respect to the 


symmetrical axis of winding a, it can be 


expressed as 


. P(x, t)=OPo+ oe Orn Cos (2r/Ts)n(x— a") 
n=1 
(1) 


3. In expressing the symmetrical magneto- 


_ motive force distribution having the positive 


area equal to the negative one, the ampere 
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conductors in each slot are considered as 
concentrated in the center line of the slot. 


Flux Distribution Around Air Gap 


In equation 1, if it is assumed that the 
air gap is uniform at effective lengths 
6; and 62, and that the permeance at every 
point is inversely proportional to the air 
gap length at that point, the Fourier 
series expression of the permeance curve 
shows that 


rife 
Lignan aii a 


2K/1 
Us (;- 
Although the further development will 
be carried on the preceding relations, the 
results obtained can be applied to any 
machine if the values of ®)and &,, found 
for that machine are properly substituted. 
Consider that only the winding a is on 
the armature surface. The Fourier series 
expression of the symmetrical magneto- 
motive force having the positive area 
equal to the negative one can be shown 
as 


1 = (ner) 
62 


n 


(2) 


Deane 1) 


S oe 
2r—1 


r=1 


cos (Zar (3) 


It can be proved mathematically that, 
in general, the direct multiplication of 
O(x, t) and F(x, ¢) will not give the re- 
quired flux density distribution, because 
the actual magnetomotive force distribu- 
tion may differ from the symmetrical one 
by a function of time. However, if 
P(x, t) and F(x, 4) contain no space har- 
monics of the same order, as found in a 
machine having t=q7s, for which the 


Fal; ata 
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space permeance wave will contain only 
zero and even harmonics while the space 
magnetomotive force will contain only 
odd harmonics, the above manipulation 
will give the correct result. Therefore, 
under the preceding condition® 


Ba(«, t)=O(x, t)Fa(x, t) 


foe) 
Racer 1) 


4 =a ea | me 
~6itin eae 


cos £(2r—1)x-+Gu%ia ; x 


nm=1 r=1 
Ce 1)" Racer» sin (ngr) 


n(2r —1) 


Jeo: ® [(2qn—2r +1) —2gna’)+ 
cos (2gn-+2r—1)2-2a'It (4) 


In a similar manner, the flux density 
distribution due to any additional arma- 
ture winding carrying current can be 
found. For example, that due to the 
current 7 in winding b spaced 6’ mechan- 
ical radians from the winding a in the 
direction of rotation will be 


By(x, t)=equation 4 with changes of a’ to 
(a’—6’), x to (x—0’), and the sub- 
script atob (5) 


General Torque Equations 


Consider first a single-phase reluctance 
machine. From previous assumptions 
and the B// rule, the force acting on arma- 
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ture conductors in each slot can be found 
by multiplying (7¢5q/) and the value of the 
flux density at the center of that par- 
ticular slot. Summing up these forces 
over the conductors in all slots will give 
the resultant force. As the armature is 
stationary, the rotor will experience an 
equal and opposite force, giving rise to 
the mechanical torque equal to the nega- 
tive expression of the resultant force, if 
the flux density is expressed in webers per 
inch-mechanical radian of area. Fur- 
thermore, if each space flux density har- 
monic of equation 4 is resolved into its 
cosinusoidal and sinusoidal components, 
then as the cosinusoidal component will 
not contribute to the resultant torque, 
the torque due to any space flux density 
harmonic can be found conveniently by 
multiplying the value of its sinusoidal 
component at x=7/2 with (pmasql) and 
the winding factor with respect to the 
corresponding space harmonic concerned. 
The final instantaneous torque equation 
will be 


Taa= —Ga"(pSanal ia? > 


n=1 r= 
Ratz 2r—1) Sin sin (ner) 
n(2 r—1) 
eat ye *Rateqn—2rt1) + 
(=1)*"Rawgnter—1] sin (pgna') (6) 


The case of cylindrical machines is 
realized by setting 6;=6,, or g=1, or 
g=0. The reluctance torque for these 
machines will be zero since G,’=0, or sin 
(nom) =0. 

Equation 6 permits the investigation of 
reluctance torque with respect to any 
time harmonic currents. In particular, if 
the product of the instantaneous expres- 
sions of mth and moth harmonic currents 
is substituted for 7,?, the following equa- 
tion can be shown at a speed of v’ me- 
chanical radians per second. 


Taa= — Gal psattal) TamTams) X 


Raer—1) sin (n¢r) 
e ee Q(2r—1)* 
n=1 r=1 

{( 7a I) amarante 1) ar 
(=1)"kaemnt or—1) | (sin | [pqnv’ + 
(1 +12) |t-+ (ami ame) + pqnen’ } + 
sin { [pgnv’ —(m-+me)o]é— 
(ami +am2) + pgqnac’ } + 
sin { [pgnv’ +(2—me)w Jt-+ 
(ami — m2) + pqnay’ } = 
sin { [pqnv’ —(m—mo)w |t— 

(ami — m2) + pgnay'}) (7) 


An investigation of this equation shows 
that the time average torque will be zero 
unless 


v= po’ /2=+(m+me)w/2qn (8) 


1972 


and the corresponding operating angle 
* (Ami + Amo) +pgnao’ does not vanish. 
For a given rotor speed, equation 8 speci- 
fies the time order of harmonic currents 
and the space order of harmonic per- 
meance, which may yield the time aver- 
age component torque by their interac- 
tion. Each component torque, if present, 
will have contributions from all space 
current density harmonics. 

Since the time harmonic currents in an 
ordinary reluctance machine are of the 
odd order, equation 8 shows that as the 
right-hand side may yield any submul- 
tiple of (w/g), a single-phase reluctance 
motor can possibly stay at any submul- 
tiple of the speed (@/qg). However, un- 
less for a special design,* the time average 
torque at the speed (w/q) will be the 
greatest. 

For machines having the same number 
of poles in salient rotor and in armature 
winding, that is, g=1, and running at 
synchronous speed, the most important 
component of the time average torque, 
contributed by the fundamental current 
and second harmonic permeance, can be 
obtained from equation 7 by setting 
m,=m2=1 and n=1. 


i} 


1 y k ar 
= ~ Ga" (Psattal Lar” Se 


r=1 
[ka(s—2r) —Rawart+i)] sin yr sin 2a 
Newton-meters (9) 


In the preceding equation, the operat- 
ing angle a is recognized as the angle be- 
tween one of salient pole axes and the axis 
of fundamental positive rotating mag- 
netomotive force. For the convention 
used in this paper, T is positive for a 
motor torque and negative for a generator 
torque. Therefore, a must be negative 
for the motor operation, and positive for 
the generator operation. The numerical 
value of a will lie between 0 and 7/2. 
When a=0 or 77/2, T is zero because of the 
symmetry of magnetic circuit with re- 
spect to the position of magnetomotive 
force wave. Maximum torque under 
constant current operation is reached 
when a=7/4, The optimum value of g 
under constant current operation is seen 
to be equal to 0.5, which is not the value 
under constant voltage operation, as will 
be discussed later. 

Consider an unsymmetrical 2-phase re- 
luctance machine. There are four com- 
ponent torques due to the interaction of 
current in one winding and the flux set up 
by the currents in the same and also in 
the other winding. These component 
torques can be found in the same manner 
as discussed above. In particular, if the 
two armature windings are in space 
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“a 
a 


i} 


quadrature electrically, and have the c 


same number of slots per pole so that 


their winding factors are the same, the — 


expression of the resultant torque can be ~ 


found as 
o oo 


—2plIK/1 1 
T= 2 Ree 
T 6: 2 


n=1 

(—1)*"(sonoin)? 1X 

(—1)"" "Rar_v sin (ner) x 
n(2r— 1) 


[Ra cgn—2r+ ijt Raven or_1)] sin (pqna’) = 


2plK(SanaSono 1G Liss Ny, 
5 6 


ae 2 


> 


r=1 


gal weal 
—1)”" "Rae, sin (ner) 
x 
n(2r—1) 


[Ravqn—2rt+ 1) +Raegn+2r—1)] X 


(Saale) + ; 


[1+(—1)%*] cos (pqna’) (10) | 


In equation 10, the second term of ’ 


mutual torque is identically equal to zero 
for all even qn. 
metrical one operated from the balanced 
sinusoidal current supply, the first term 


If the machine is a sym-_ 


of self torque will average zero for all even © 


qn. Since gn is even when 7 is even, the 


above relations, together with the study of | 


equation 8, show that a symmetrical 2- 
phase reluctance motor operated from 


balanced sinusoidal current supply can-_ 


not stay at even submultiple of (w/q), 
since no time average torque is developed 
to maintain its running. Analogous con- 
clusions can be drawn for any polyphase 
reluctance motor operated from the 
balanced sinusoidal current supply. 

If the symmetrical 2-phase reluctance 
motor, operated from the balanced sinu- 
soidal current supply, runs synchronously, 
the time average torque can be shown as 


-8 
pe 3.19 X10 
a 


(sana) sli =) ) tae 


[--) 


- 5 Ragr- 1) 
sin 2 See 
(gr) sin 2a } Per 


r=1 
{ kaw—2ry [1 —-(—1)"]— 


Racr+1)[1-+(—1)"]} Newton-meters (11) 


As shown in equations 9 and 11, under 


the conditions of same machine dimen- 
sions, same total number of armature 
slots and conductors per slot, same effec- 
tive conductor current, and same operat- 
ing angle, the ratio of the time average 
torque of a balanced 2-phase machine to 


that of a single-phase» machine depends 


on the winding factors. For ideal con- 


dition of sinusoidal distribution of con- 
ductors, the ratio is 2. On the other 


hand, if there are 8 slots per pole, the 
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ratio is 1.62. This indicates the desir- 
ability of having a 2-phase motor or a 
single-phase one in split-phase opera- 
tion. 


_ Flux Linkage Equations 


To findthe flux linkages on winding a 
of an unsymmetrical 2-phase reluctance 
machine, resolve the air gap flux density 
distribution of equations 4 and 5 into 
sinusoidal and cosinusoidal components 
and note that the sinusoidal components 
will contribute no resultant flux linkages. 
The flux linkages on winding a are, there- 
fore, due to cosinusoidal components of 
air gap flux only, and are found by mul- 
tiplying the space integrals of their dis- 


| tributions from (—7/2) to (7/2) with the 


factors (pmgSql)/2. If the flux linkages due 


| to leakage fluxes are added, and if the no- 
_ tations given in the nomenclature are in- 


troduced, the following expression of the 


total flux linkages on winding a can be 


_ shown for a machine having g=1. 


Aat= {iat oD Lan cos (ona’ hint 


n=1 


Bort >. [Mann’ cos (pna’)+ 


n=1 


Mavn*® sin (onal) (12A) 


The expression of total flux linkages on 
winding 6 can be derived more conven- 


ently from equation 12A by changing 


6 to (—86’), a’ to (a’—0’) and the inter- 


change of subscripts a and b. 


n= Lat + Da Ln, cos pn(a’ =a) hin 


n=1 
{Maat SS [Moan’ cos pn(a’—6’)— 


n=1 


Moan‘ sin pra’ —0')) ie (12B) 

As for the flux linkage equation of a 
single-phase reluctance machine, it is de- 
rived from equation 12A by neglecting 
the second term involving 7. 

A study of the flux linkage equations 
12 shows that for a fixed rotor position 
a’, the machine impedance is dead, and 
the voltages and currents will have the 
same wave form. Under running condi- 
tion, as a’ is a function of time, the situa- 
tion is different. Even when the applied 


voltages are sinusoidal, the currents will 
- contain an infinite number of components 


having frequencies different from the fre- 


: quency of the source supply. Consider, 


- 


, 


in particular, only the presence of zero 


_ and second harmonic air gap permeances. 


= 


_ It can be shown from equations 12 that 
; the flux linkages, and hence the voltages, 
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of one angular velocity are not only re- 
lated to the current of the same angular 
velocity but also related to currents hay- 
ing angular velocities 20 above and 2v 
below at an asynchronous speed v. This 
is the fundamental fact that will be 
utilized in developing equivalent circuits 
in the companion paper.!4 


Equivalent Circuit Study 


In the companion paper equivalent 
circuits have been developed under the 
consideration of having closed rotor cir- 
cuits. The case with no closed rotor cir- 
cuits is only a particular one having in- 
finite rotor circuit resistances and zero 
mutual inductances between the arma- 
ture and the rotor. Formulas for cal- 
culating various machine inductances are 
given in the nomenclature. 


Tol jXo 
VYV00 
R’ 
wiO) 
ix’ 
R’+]X’=x\(-Sin 20+ jCos 2e) 
(A) 
j( Xor X,) ~Tor Tor j(%er Xy) 
One 0 ( 
EP, & | Va 
Teyadbcaelcae Tor? Lou* Top-1) 


(B) 


Two alternative equivalent circuits 
frequency for reluctance 
machines 


Figure 1. 
of fundamental 


It has been shown that under synchro- 
nous operation, the equivalent circuits of 
fundamental frequency are of the same 
form of Figure 1, which is the reproduc- 
tion of Figure 6 in the companion paper 
with Z,(jw)=0, for single-phase and 
balanced polyphase reluctance machines. 
The circuits can be used, therefore, for 
the further discussions of the character- 
istics of reluctance machine without re- 
gard to whether it is a single-phase one or 
a balanced polyphase one. 

Consider the equivalent circuit of Fig- 
ure 1(A). The operating angle a will be 
regarded as the parameter. For any as- 
sumed a, the circuit impedance is calcu- 
lated, and the series circuit is solved for 
the input current and hence other per- 
formance characteristics. As seen from 
this circuit, the mechanical load on the 
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shaft is converted into a fictitious resist- 
ance R’=—x, sin (2a) in the electric 
circuit. The neglect of this equivalent 
load resistance will inevitably lead to 
errors in final results as given by Jasse.4 
For the motor operation, as @ is nega- 
tive, R’ will be positive, and the power is 
consumed on the electrical side. For the 
generator operation, as a is positive, R’ 
becomes negative, and the power is de- 
livered on the electrical side. These facts 
are in agreement with the physical be- 
havior of the machine. 

It will be shown in the next section and 
also in the numerical examples of Appen- 
dix I that this circuit can be used for the 
direct calculations of pull-out charac- 
teristics, and .characteristics when the 
mechanical power output is given. 

For a complete set of performance cal- 
culations, the numerical steps will be re- 
duced if the alternate circuit of Figure 
1(B) is used. Under constant applied 
voltages, the “‘characteristic currents”’ are 
first solved from this 2-mesh circuit as 


I," Vailra1—jxo) 
aii ’ 
rai? +X0% — xy? 
IxVai 


SS 
Tar? +29? — Xp? — 


I b uv = 
At any assumed initial angle ao, the in- 
put current is calculated by 


Tey =Tq" +Ta—1)*"€i?% (14) 


Numerical examples on performance 
calculations are illustrated in Appendix 
I on an educational reluctance motor used 
by Trickey in his investigation. The 
performance characteristics are given in 
Figure 2 as compared with the test re- 
sults. 


Pull-Out Characteristics 


Refer to the equivalent circuit of Figure 
1(A). As the torque corresponding to the 
core loss, the frictional and windage losses 
is approximately constant, the pull-out 
conditions will reach when the mechanical 
torque developed or the power consumed 
in R’ is the maximum. The mechanical 
torque developed per phase can be ex- 
pressed by the relation 


: p 
Tos Tat —Xy sin 2a)=5.% 


Var2( —Xp sin 2a) 
(rai—Xp sin 2x)?+(xo+xy cos 2a)? 


(15) 


Setting dT/da=0, and simplifying 
yield 

(rar? +20? +p?) cos 2a +2x 0%, =0 

from which the operating angle a at the 
pull-out condition is 
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Figure 2. Performance characteristics of 1/4- 
horsepower 220-volt 60-cycle 3-phase 1,800 
rpm synchronous reluctance motor 


(16) 


The maximum developed torque per 
phase can be found by substituting equa- 
tion 16 for a im equation 15. 


gives 


Simplifying 


SaV (res? +{x0+65)"| [rai* +(x5—*s)*] 


p eyo § 
(Fax tx? + 4* 42a, (Tat 
Z : 
aaa ! 
W Fax? +(%0+45)*| [rax? + (x0—X2)*] —2ce2xe § 


Newton-meters per phase (17) 


If the resistance is neglected, equation 
17 is reduced to 


PV xx Xz x 
Qes (xz? —£,7) 


Newton-meters per phase (17A) 


To study the factors affecting the pull- 
out torque, consider, in particular, a 
balanced 2-phase reluctance motor, for 
which the following approximate expres- 
sion of x, and x, can be shown. 


2 
RT I PP Ts cmt ini OE 
Koy 
[6-+¢(1—é,)] (18A) 
Z \2 
k= Lol Sata )RavGa” a K 
KO 
(1 —é,) sin (gxr)] (18B) 
with 
b,=i;/8 (18C) 


The substitution of equations 18 in equa- 
tion 17A gives 
Ty =p Varia F /SKe7ll RatSafta)* (17B) 


where the torque factor 
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out torque of polyphase reluctance machines 


(1—6,) sin (gx) 


P= ; : 
«* (6, + ¢(1—6,) ]?—(1—6,)? sin? ox 


(19) 


If, for example, the polar embrace ¢ is 
regarded as the variable, the optimum 
value of ¢ should make the torque factor 
Fa maximum. This optimum ¢ is seen 
to be a function of 6,. Figure 3 is a plot 
of F for various values of 6,. As shown 
in this figure, it is important to keep 6, 
as minimum as practicable. For 6, equal 
to 0.05, the optimum ¢ is 0.125 and in- 
creases as 6, increases. In no case does 
the optimum ¢ reach 0.5, the value under 
constant current operation as discussed 
before.* 

It can be shown that the torque factor 
F given in equation 19 is the same for all 
balanced polyphase reluctance machines. 
Therefore, the above conclusions are true 
for all balanced polyphase reluctance 
machines. A similar relation may be de- 
rived for single-phase reluctance ma- 
chines. The optimum ¢ is even smaller 
than that for balanced polyphase reluct- 
ance machines for the same 6,. How- 
ever, a reluctance machine using the 
above indicated optimum g does not 
necessarily mean a good design. A com- 
parison of two designs using respectively 
the optimum ¢ under constant voltage 
and constant current operations is made 
in Appendix IT. 


Circle Diagrams of Reluctance 
Machines 


The development of circle diagrams of 
reluctance machines has been discussed 


*See also the end of Appendix II. 
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1} 
in several papers.°”9 It will be shown 
here that the circle diagram can be 
rived readily from a study of the equi 
alent circuit. By referring to the equiv- 
alent circuit of Figure 1(B) and equations 
13 and 14, the circular loci of Iq 
readily recognized, since Iq:” fixes 
center of the circle, and I4(—1)” giyes the 
radius of the circle. 


A direct construction of the t 
circle is also possible by considering the 
equivalent circuit of Figure 1(A). As 
shown in Figure 4, the conjugate im 
pedance circle is first drawn with the 
center at 0’ (72, —jxo) and radius equal to 
x,. Draw the line 00’ to intersect the 
above circle at points z and zs. Find th 
geometric inversion points % and 7 with 
respect to the inversion circle of the radius _ | 
equal to Vj. Bisect iyig at 0” and draw | | 
the required current circle with 0” as the | 
center and 0”i; as the radius. All quanti-_ | 
ties found from the equivalent circuits of © 
Figures 1 can also be obtained graphically | | 
from the above circle diagram. To illus-_ | 
trate this fact, consider the operating | 
conditions at the operating angle a5. The 
corresponding initial angle a; happens to | 
be equal to (—90) degrees. It is easily | 
seen that the operating point 7; on the | 
current circle and z; on the impedance | 
circle must lie on the opposite side of the © 


the other point. When the current phasor | 
is fixed, the input power factor angle can _ 
be found, and the power factor calculated. 
As the machine is operated under con- | 
stant applied voltage, the in-phase com-_ | 
ponent of the current phasor, that is, 
isps, Will represent the input power. A 
seen from the equivalent circuit of Figure 
1(A), this input power is divided into the — 
mechanical power developed and the 
In1rqi loss in the ratio of (—x, sin 2as5) to : 
ra. To find the division point, drop the } 
perpendicular line z;p;’ to intersect the | 
line 0’z; at d;’. The point of intersection — | 
of the lines od;’ and isp; will give the re- | 
quired division point ds. The lociof these | 
division points give the loss curve. 


For single-phase reluctance machines, — 
it may be desirable to know the effective - 
value of harmonic currents at each load. 
As has been shown" that the ratio of two 
consecutive harmonic currents is con-— 
stant, the ratio of the effective) value of 
harmonic currents to the fundamental one — 
will be constant. The harmonic current 
content line is so drawn that its slope with - 
respect to the vertical line is equal to th 
last ratio. For the effective value of th 
fundamental current equal to the mag- 
nitude of the phasor 1;, the effective value 
of harmonic currents will be represented 
by the length J;. ‘ 


ie | 
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Sinee for the motor operation, a is 


| negative and may have any value between 


0 degree and (—90) degrees, the right 
half of the impedance circle will corre- 
spond to the motor operating range. The 
line 717, obtained by connecting the geo- 
metric inversion points z. and 27, will 
divide the\current circle into two parts 
corresponding to the motor and generator 
operating ranges. In the part 7%, how- 
ever, there is still no electrical power out- 
put. Both the mechanical and the elec- 
trical power inputs are used to supply 
losses of the machine. Braking action 
thus appears in this operating range. 

If the loss curve is moved parallel to 
itself, until it is tangent to the current 
circle, the point of tangency will fix the 
pull-out operating point. Beyond this 
point, the machine is in an unstable opera- 
tion. It can be shown mathematically 


that for practical reluctance machines, 


the operation at the maximum input 
point is, in general, in the unstable oper- 


_ ating range. 


It is also seen from Figure 4 that the 


_ condition of maximum power factor is 


reached when the current vector is tan- 
gent to the current circle. From the 
graphical construction, it can be shown 
that the current vector under this con- 
dition is tangent to the impedance circle 
also. Referring again to Figure 4, one 
can obtain 


-~ Maximum power factor= cos 6’ 


= cos (8’+y’—')= cos (6’ +7’) X 
cos y’+ sin (8’+~y’) sin y’ 
—teotin trar'V/ to? rar? — 20? 


Xo*+rai* 


(20) 


If the resistance is neglected, equation 
20 is reduced to 


Maximum power factor = cos B’ =Xy/Xo 
(20A) 


Since x,/x, is ordinarily around 0.33 for a 
single-phase reluctance machine having 
no damper windings, and 0.58 for a poly- 
phase one, the power factor of reluctance 
machines is fairly low. However, as they 
are simple in construction, constant in 
speed, and reliable in operation, they find 


their wide application as small motor 


drives in laboratories and in industrial 
plants. 


Conclusions 


The reluctance torque of single-phase 
and balanced polyphase machines under 
both the constant current and the con- 
stant voltage operation has been analyzed 
and the factors affecting this torque in- 
vestigated. Equivalent circuits have 


_ been applied to facilitate (a) the complete 
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performance calculations, (b) the direct 
calculations of pull-out conditions, (c) 
the direct calculations of performance 
characteristics with the known mechan- 
ical power output, (d) the design of re- 
luctance machines. Numerical examples 
have been found in agreement with the 
test results. 


Appendix |. Examples of 
Performance Calculations 


Consider the educational reluctance motor 
used by Trickey in his investigation.12. The 
known data are: 1/4 horsepower, 220 
volts, 3-phase, 60-cycle, 4-pole, Y-connected, 
1,800 rpm synchronous reluctance educa- 


tional motor. The dimensions of the 
machine are: 
Stator: Length=2 inches, diameter, 


outer =6 inches, inner =3.526 inches, total 
number of slots=386, Carter coefficient = 
1.217, number of conductors per slot =76. 


Rotor: Length=2 inches, diameter, 
outer =3.502 inches, number of slots before 
milling =47, Carter coefficient = 1.05, actual 
polar embrace in per cent of pole pitch =0.5. 

Air gap: Actual =0.012 inch, satura- 
tion factor = 1.126 (calculated). 


Calculation of Machine Constants: 


6,=0.012 X 1.126 K1.05 X1.127 =0.01722 
inch 


6.=0.3 (assumed) 
Sq=38, Na=76, effective polar embrace = 0.52 
Gq°=2.61 X10-4, Ga” =1.48 X10~4 
Slot and end winding leakage reactance 
=5 ohms 


CURRENT CIRCLE 


HARMONIC CURRENT 
CONTENT LINE 


Figure 4. Circle 
diagram of reluct- 
ance machines 
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Resistance per phase =6.76 ohms 
Baan pee 
Xo=8alnasaGa kat -+— See +5 
25 49 


= 114.5 ohms 

a 2 
Xn =8alnesaGa’ sin (gr)| Ra? +—Raskart+... 

35 

= 60.4 ohms 

Complete Performance Calculations: It 

is more convenient to use the equivalent cir- 

cuit of Figure 1(B). The characteristic cur- 


rents solved from this circuit are 


127(6. 76 —j114. 0) 


Iq," =Iq)' == Ser pane 
(114. 5)?—(60.4)2?+(6. 75)2 
= 0.0902 —j1.528 
Tq(-1)" =9127 X60.4/9,506 = 70.805 


Assume that the performance character- 
istics at ao= —95 degrees are to be found. 
Then the input current is equal to 


= Toi! +Ta 1 *"e2%0 = 0.2299 —j0.737 
Therefore, Ja: =0.771 ampere: 


Input power factor = 0.298 

Input watts =3 X 127 X 0.2299 =87.5 

Frictional and windage watts =5.8 
(measured) 

Core loss in watts = 21.7 (measured) 

Copper loss in watts =12 

Mechanical power output in watts =48 

Torque in ounces-feet = 112.7 X48/1,800 =3 

Efficiency =48/87.5 =0.549 


The characteristics corresponding to other 
assumed a» can be found in the same way. 
They are plotted in Figure 2 as compared 
with the tested results. 


Calculation of Pull-Out Power and Torque: 
By referring to the equivalent circuit of 


CIRCLE 


BRAKING 
ee 


Figure 1(A) and equation 16, the operating 
angle « corresponding to the pull-out condi- 
tion is found as equal to ayw=—72.7 de- 
grees. The total maximum power caleu- 
lated if Puax=285 watts. The pull-out 
torque is therefore equal to 112,.7(2%5— 
27.5) /1800 = 16,1 ounces-feet, 


Performance Calculation with the Known 


Mechanical Power Output; Assume the 
known mechanical power output =141.5 
watts, Then the power developed across 


the fictitious load resistance 


R' = —x, sin (2a) is (141,54-27.5)/3 
=56.3 watts per phase 


Referring to Figure 1(A), one ean see that 
—xy sin (2a) = 56.3/Tq)* 
therefore, 
xy COS (Qa) = & 4/(60,4Iqi2)*--(56.3)2/Lar? 
Since 


Tas4 = Vai? /[(6.76 — xy sin (2a))?4 
(xo -+-xy cos (2a) )?] 


the above two relations can always be com- 
bined into a fourth order equation with even 
powers of Ia, 


1,754 I qi4 9,855 a12-+7,666 =0 


Solving, Ja, =0.966 ampere or 2,17 amperes, 
The first value corresponds to the normal 
operation while the other value corresponds 
to (he operation in the unstable region as 
seen from the circle diagram, Under nor- 
mal operation, @ is solved from the above 


relation as equal to —45,5 degrees, 


Power factor 


= 66,86/°/ [(6.76 +60.1)*-+(113.4)*] 
=(),509 
a, = —cos™!(0,509)= —59,5°, 
ay =a +as —105° 
Torque =112,7 *141,5/1,800 =8.85 
ounces-feet 
iilicieney = 114,5/3 * 127 «0,966 0.508 
=(,755 


Appendix Il. Application of 
the Equivalent Circuit to the 
Design of Reluctance Machines 


In the following approach, only the funda- 
mental flux wave will be considered, The 
éffeet of armature resistance and leakage 
reactance will be neglected, Assume that 
it is desired to choose the number of conduc- 
tors and henee complete the design to meet 
the following requirements; 


Inner stator diameter d=8,94 inches, eflec- 
tive length /= 1,97 inches 

Iiffective air gap lengths, 6;=0,0197 inch, 
by = 0,804 inch, 6, =0,05 

Number of poles P= 4, number of phases =8 

lrequency = 50 cycles, applied voltage Vq = 
127 volts 

Normal developed torques (1/2) pull-out 
torque developed 


Design Using Optimum Polar Embrace 
under Constant Voltage Operation: By re- 
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ferring to Figure 38, it is seen that for 6; = 
0.05, the optimum value of polar embrace ¢ 
is 0.125. The corresponding torque factor 
F is 2.45. The total pull-out developed 
torque for a 3-phase machine can be ob- 
tained from equation 17(A) and the expres- 
sions of x» and x, given in Appendix I with 
harmonic winding factors and leakage react- 
ance neglected; thus 


Xy =4.375 X10~“( RaitaSa)? 
x= 6.38 K 10 ~4( RainaSa)? 

3Vaste2pd, 62.7108 
(Ti) = Any 2 
12K w*l(naSakas) (naSaka) 


Under normal operating condition having 
the operating angle a, the developed torque 
is found conveniently from the power con- 
sumed in the resistance R’ in Fig. 1(A). 
If this torque is set equal to one-half the 
pull-out torque, it can be shown that 


31.35= —70.35 sin 2a/X - 
[((1.458+ cos 2a)?+ sin? 2a} 


from which, a= —55.3 degrees. 

Since a denotes the relative angular posi- 
tion of the fundamental magnetomotive 
force wave with respect to one of salient pole 
axes, and since |a|=55.3 degrees is greater 
than one-half of the polar embrace in de- 
grees, that is, 11.25 degrees, the point of 
maximum flux density will occur at the edge 
of the pole. The flux density there is given 
by 


By =3+/2K(kainasa)las x 
cos (55.38 — 11.25) /0.01974 


The substitution of numerical values gives 
By =38.01 X10 6 RainaSalar 


Assume By =60 kilolines per square inch, 
or 11.82% 1074 webers per inch—mechanical 
radian, Then (RaimaSa)lai=393. Now 
from the equivalent circuit of Figure 1(A), 
it can be shown that J; =20 104/(Raimasa)?. 
The preceding two relations can be solved 
for Ja, which will be equal to 0.772 ampere. 
The value of (kainaSq) will be 509.5. 

Having these results, one can substitute 
them back in the previous equations and 
find that the pull-out torque and the normal 
torque are respectively equal to 28.7 and 
14.35 ounce-feet. 


Design Using Optimum Polar Embrace 
under Constant Current Operation, p=0.5: 
Irom reactance expressions given in Appen- 
dix I with g¢=0.5 


y= 11.42% 10~4(RainaSa)? 
x9 = 19.85 X10 ~™4(Rainasa)? 


The maximum developed torque obtained 
from equation 17(A) will be 


(Ty) = 13.35 X 104/(Raimasa)* 


If this torque is set equal to the correspond- 
ing value given in the preceding section, that 
is, (T:)“=2.42 Newton-meters, one can 
solve for 


(RaitaSa) = 235 


The normal torque is obtained in the same 
manner as that of the previous case, If this 
normal torque is again set equal to one-half 
of the maximum torque, one can solve for 
the operating angle which is found as equal 
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to —44.77 degrees. The flux density dis- 


tribution will have its maximum value at the 


point very near the pole tip. This maxi- | 


mum flux density is found as By=10.137q 


10-4. The normal current Ig: obtained 
from the equivalent circuit of Figure 1(A) is 
equal to 1.002 ampere. Therefore, By= 
10.15X10-4 webers per inch—-mechanical 
radian. The total effective ampere conduc- 


tors per pole per phase will be (Raitasa)lai= 


235 X 1.002 = 235.5. 

Comparing the above two designs, one 
can see that the first design requires less iron 
since the polar embrace is the smaller. 
Furthermore, as it has higher ratio of %»/xo, 


the power factor in the operating range is, in 


general, higher if there is no saturation 
effect. Under normal operation, the power 
factor is equal to 0.645 as against 0.5 of the 
second design. However, the presence of 
saturation effect and hence the increase in 
magnetizing current tend to reduce the 
power factor. Also as the first design re- 
quires 67% more effective ampere conduc- 
tors, it will result in a machine using more 
copper. The fact of higher electric loading 
and higher magnetic loading (that is, larger 
By) makes the machine of the first design, 
in general, one of greater loss and less 
efficiency. Hence, the machine of the first 
design may not be a favorable one. In 
addition, if the machine is to be designed for 
self-starting, too small a polar embrace may 
lead to the difficulty of designing and in- 
stalling the damper windings. From this 
point of view, the value of polar embrace ¢ 
around 0.5 is probably the most efficient. 

Furthermore, the question arises on the 
theoretical value of polar embrace of around 
15 per cent of the pole pitch derived for con- 
stant voltage operation. The optimum 
value might be affected by the saturation 
effect. The consideration of the leakage 
reactance of the primary, however, will not 
make much difference on this conclusion, 
since it is only a small percentage of the re- 
actances x» and x,. Nor the change of 
figure of merit from F to (F6;/d) will alter 
the theoretical optimum polar embrace, 
since 6; can only affect the magnitude of the 
pull-out torque but not the variation of pull- 
out torque with polar embrace. In small 
nonself-starting reluctance motors, the 
polar embrace of around 15 per cent of the 
pole pitch has been used in practice. For 
reluctance machines of moderate size, this 
value might be impractical. 


Appendix Ill. 


Nomenclature 


a=ay—a,=operating angle, ayw=pull-out 
operating angle 

a, a =instantaneous angular position from 
the axis of rotor symmetry (for ex- 
ample, one of the salient pole axes) 
to the axis of winding a in electrical 
radians, and in mechanical radians 


ao=initial angular position of the rotor 


with respect to same references in 
electrical radians : 
a, =phase angle of Ig, at ¢=0 
Qm,@m.=phase angle of Igm and Igm at 
t=0 


61, 6.=eflective uniform air gap lengths in © 
inches under poles, and in the inter- i 
i! 


polar spaces ' 
by = 51/82 


AIEE TRANSACTIONS ! 


{ 


» | 


6, 6’=angular displacement of winding } 
from winding a in the direction of 
rotation in electrical radians, and in 
mechanical radians 

7, Ts=pole pitch of armature windings and 
salient rotor in mechanical radians 

=polar embrace in the fraction of a pole 
pitch 

#=fundamental angular velocity of applied 
voltages 

Fa(x,t) Symmetrical magnetomotive force 
distribution of winding a with respect 
to its own axis 

Go, Pon=magnitude of zero and nth har- 
monic permeance per unit area with 
respect to the period of permeance 
variation. For uniform air gap 
lengths 5; and &, Po and QO,» are ex- 
pressed in equations 2 

(x,f) =distribution of air gap permeance 
per unit area with respect to the 
symmetrical axis of winding a 


If the following quantities are defined 
with respect to winding a, the quantities 
with respect to winding b can be defined in 
the same manner by the interchange of sub- 
scripts a and b. 


B, By=air gap flux density and its maxi- 
mum value in webers per inch- 
mechanical radian of area. 

Ba(x,t) =flux density distribution around the 
air gap due to current in winding a 
with respect to the axis of winding a 

d=armature diameter in inches 

F=torque factor defined in equation 19 

Gao =2nasaPo/7, Ga" =NaSqPy/7? 

Iq =Iqé%=input current phasor =Jq,’+ 
Tq(-1)*' = ai + Ta(—1)*" 22% 

Tq," Ja(—1)" =mesh current phasors in the 
equivalent circuit of Figure 1(B) 

Ta—1)*", Tac—1)*"” =conjugate current phasors 
of Fe¢iy! and 1 eyed 

7q=instantaneous current in winding a 

K =1.596 X 10~*d 

Raceqn—4+1)=phase a winding factor with 
respect to space (2qn—2r+1)th 
harmonic 


Ragr-1)? 1)? 
(2r—1)? 


r=1 


eg =2(Satal)Ga°® a ey 


‘Racer-1) 1) 


y (outs a) Pr 
=2(sanal)Ga’ n(2r—1) 


r=1 


Raan—2r+ 1) —_ Racnt = bin (nen) 
Qn—2r+1 2n+2r—-1 


l=effective length of armature conductor in 
inches 


oo 


Mav = Moq®=2(sanal)Go® x 


r=1 
Ra ar~1Ro(2r— 1) 
(2r—1)? 


oo 


Moon = 2(sanal)Gy” x 


r=1 
(—1)"“'Roer—1 sin (ner) 
n(2r—1) 


* (2r—1)0’+ Sap 


Ravn- 2r+ 1) _ Racen42r—1) 
2n—2r+1 ~ On+2r—1 


co 


Mavn® =2(Satal)Gy" > x 


r=1 


fos E (ar —1)0’ 


eat lk 


“Meo ar— 1) Sin (n er) 
n(2r—1) 


Raen—2r+1) Racn+2r— -1) 
é sere or— 
Ee els Inna (er ae 


m1, M,=time order of current harmonics 

nm=space order of permeance harmonics 
with respect to the period of rs 

Na=number of conductors per slot of wind- 
ing a 

Py =total maximum power in watts 

p=number of poles of armature winding = 
20/7 

q=ratio of pole pitch of armature winding to 
that of salient rotor 

R'=—x, sin (2a)=effective resistance 
corresponding to the shaft load 

rai=armature resistance in ohms at the 
fundamental frequency 

2r—1=space order of magnetomotive force 
harmonic with respect to the funda- 
mental wave having p poles 

Sa, Sav =self leakage inductance of winding 
a, and mutual leakage inductance of 
winding a with respect to winding b 

Sq=number of slots per pole of winding @ 

Taa, Ty=instantaneous reluctance torque 
due to current in winding a only, and 
the total instantaneous torque in 
Newton-meters 

T, T;, Ty =time average torque per phase, 
total time average torque, and the 
maximum time average torque per 
phase in Newton-meters 

V.i1=fundamental applied voltage phasor on 
winding a 

x =position co-ordinate with respect to the 
symmetrical axis of winding a 

xo=magnitude of machine reactance inde- 
pendent of the rotor position 
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No Discussion 
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Xx») =magnitude of machine reactance of sali- 
ency due to the presence of harmonic 
permeance 

X’=x, cos (2a) =effective reactance of sali- 
ency at the operating angle a 
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An Analysis of Unexcited Synchronous 


Capacitor Motors 


$.$. L. CHANG , 


ASSOCIATE AIEE 


ELUCTANCE type capacitor motors 
R are widely used in smaller frame 
sizes. Compared with other types of 
single-phase synchronous motors of the 
same physical size, these motors are most 
efficient, and powerful in terms of either 
synchronous pull out torque or torque 
angle. The noise or pulsating torque also 
is lower in these motors than in plain 
single-phase reluctance motors. With the 
rapid improvements of the a-c capacitors, 
these motors are gaining popularity in the 
synchronous motor field. 

Little comprehensive theoretical work 
has been published about these motors. 
A designer has to meet the widely 
diversified performance requirements with 
no other means than trial and error. 
However, with all the theoretical work on 
capacitor motors, and polyphase and 
single-phase reluctance motors in its back- 
ground, a comprehensive analysis of the 
capacitor reluctance motor can be readily 
made. 

In this paper, an equivalent circuit for 
the capacitor reluctance motor at syn- 
chronous speed is constructed based on 
the double revolving field theory. The 
equivalent circuit can be used to calculate 
the motor performance at synchronous 
speed, and to find favorable winding 
ratios as well as capacitor values. An 
equation for the starting torque which 
accounts for both the induction motor 
torque and ‘“‘cogging”’ is derived from the 
cross-field theory. This equation also 
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shows how “‘cogging’’ in a reluctance 


motor can be eliminated. 


Synchronous Condition, Revolving 
Field Theory Equivalent Circuit 


At synchronous speed, the voltages, 
and currents can be resolved into positive 
and negative sequence components. The 
positive sequence components are locked 
into synchronism with the rotor, while 
the negative sequence components rotate 
in the opposite direction at twice syn- 
chronous speed, referring to the rotor. 
Throughout this analysis, the magnetiz- 
ing reactances are considered as part of 
the rotor circuit. The ratio of the posi- 
tive sequence air gap electromotive force 
to the positive sequence stator current is 
defined as Z+. Similarly, the ratio of the 
negative sequence air gap electromotive 
force to the negative sequence stator cur- 
rent is defined as Z-. The impedance 
Z. depends on the torque angle, but not 
on the rotor resistance, while Z- depends 
on the rotor resistance, but not on the 
torque angle. The explicit expressions of 
Z. and Z- will be derived later. The 
voltage and current equations are, by defi- 
nition 


Ey =Z, 1, 


(1) 
=Z-I- (2) 
~ 1 3 
Em = Intima Fae =) 12S) (3) 
Sd Zip Ze) UE —E_) (4) 
1 

In= Fle +E) (5) 
ihe ey (6) 

/2 
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/) 


ve 


Substitute equations 1, 2, 5, 6 into equa- _ 


tions 3, 4 and we have 


/2Em = (Zim+Z+ le + (Zim+Z- 
_ iV 2Es = (4242, )n ee, 
a a? I 
(2742. )p (8) { 
a? af 


Taking the sum and difference of equa- | 


tions 7 and 8: 


1 GEs\\ (Zim , Zis+Ze ) 
zs = Z. 
Tl Be Bt) (in Zab Ze 25 |x 


ZistZe Zim 
i, 
(Ent) = (Ft 4 Zim s.z. 


ZistZo a) 
(ee 
( Sat ge 


Equations 9 and 10 are the mesh equa- 
tions for the equivalent circuit of Figure 1. 

An expression of Z+ can be derived 
from the 2-reaction theory. Let 6 be the 
electrical angle by which the direct axis 
lags behind the positive sequence air gap 
flux. The vector diagram of E+, J; and 
their components in the direct and 
quadrature axes are shown in Figure 2. 


Referring to the diagram: 
Ty =Iqg4+—jla+ (11) 
Ey. =[q4Xatjlq4X¢q (12) 


Figure 1. 
lent circuit of a single-phase motor 


ATEE TRANSACTIONS 


aie 


ene a 


The revolving field theory equiva- ' 


I 


_ In most motors, 
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i: larXq 
(@) ge 
Tay Xq 
Way us 


Figure 2. Vector diagram of the positive 
sequence voltages and currents 


194Xa=I1g4Xq cot 6 (13) 


_ From the above equations, we find: 


: Eee 
\Povigatl I, Tie 


(14) 


a? a X,(cot 6+) 


| Equation 14 can be simplified by elim- 


inating 6 from the numerator. It be- 
| comes: 
iio ft 1 (15) 
Z+ jXa XaXq , XaXq 
ee cot oy ———— 
PX, ae 


Equation 15 leads to the equivalent cir- 
cuit of Figure 3(A). Alternatively equa- 
tion 14 also can be written as 


1 


1 Xq tan 6 
HXa-Xq) = Xq(Xa—Xz) 


Equation 16 leads to another form of 
Z.., as shown in Figure 3(B). The power 
dissipated in the equivalent load resist- 
ances R, and R, are equal to the output 
mechanical power, or the torque in syn- 
chronous watts. 

The negative sequence flux slips past 
the direct and quadrature axes at twice 
synchronous speed. The impedance Z- 
can be calculated as the average value of 
the apparent rotor impedances of the 
d- and q-axes for aslip of 2. It is 


R 
sxe “8 +X) 


z ae 
“pti Xat Xea) 


1 
Z-=kR_+jXxX-_=- 
Re --7.X- 3 


Rs 
xi +i.) 
-\“____‘\ (17) 


R 
“gti Xat Xe) 


the rotor cage imped- 
ances are much smaller compared to 
Xq and X,, and approximate expressions 
can be used: 


1 1 
5 =7(Reat Rea), X- =5(Xeat Xea) 


The constants Rg, Xeq ... are defined 
in the nomenclature. The torque due to 
the negative sequence flux is —R_J_, 
synchronous watts. 

In actual motors, E,=E,,=V, and 
Xim=Xj;/a?. Substituting the equiva- 
lent circuits for Z+ and Z~ in Figure 1, 
we obtain the equivalent circuit for a 
capacitor reluctance motor as shown in 
Figure 4. In this equivalent circuit, Rp is 
the only variable component as the angle 
6 varies with load. The motor perform- 
ance at synchronous speed is fully repre- 
sented by this two mesh circuit. 


Balanced Operation, Maximum 
Torque, Torque Angle 


The capacitor reluctance motor can be 
so designed that J- =0 for one value of 
the torque angle. At this load point, the 
motor behaves the same as a polyphase 
motor. The condition for balance can be 
obtained by equating J- =0 and elimi- 
nating J+ from equations 7 and 8, it is: 
Zim+Z+ ~ io 7 +2.) (18) 
Separating equation 18 into real and 
imaginary parts, expressions of a and X, 
can be obtained. They are: 


X+ +Xim 
eink (19) 
a 
X_=a(X+ +Xim)+a(R+ + Rim) (20) 


For given 6, X+, and R+ can be readily 
calculated from Figure 3(B). As R);/a? 
is independent of the turn ratio with fixed 
copper cross-section area, the turn ratio 
a can be calculated from equation 19. 

In a reluctance motor, the value of 
primary copper loss is usually relatively 


high. The peak efficiency occurs ap- 
jXaXo 
Xa-Xq 
‘ Xa XqCots 
Z+ iXq KANG 
(A) 
jXq 
Xa(Xe-Xaq) 
Zt j(Xa-Xa) b* Xj fond 
(B) 
Figure 3. Equivalent circuits for the positive 


sequence impedance Z+ 
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proximately at a point for which R+ is 
maximum. Under this condition: 


x, 
tan 6=—* 
a 


Re = 5(Xa-X) (21) 


1 
X+ = 5 (Xat Xe) 


If this point is chosen as the balanced 
point, equations 19 and 20 become: 


1 
Xim+ g(xet Xa) 
EN AE lo epee (22) 
ls 
“a tye Xe) 


Be & 
X,=a? Aimirss 5 ae 


ha BS 
a (Rn 4) (23) 


The maximum torque can be calculated 
from the equivalent circuit with the aid of 
Thevenin’s Theorem. At the maximuns 
torque point, the negative sequence 
torque is usually small. It can be neg- 
lected or treated as a correction to the 
positive sequence torque. Let J; be tlie 
short circuit current if a short is placed 
across R,, and let Z, be the impedatice 
measured at the two terminals of Ry, with 
R, disconnected and the voltage sources 
replaced by short circuits. Let 4, be the 
power factor angle of Z, For the maxi- 
mum synchronous torque point, R,=Z;, 
and the torque in synchronous watts is: 


TPZ, 


—friction and windage (24) 


4 cos” = 
2 


Another consideration besides the maxi- 
mum torque is the stiffness or torque per 
radian of the angle 6. Under light load or 
no load conditions 


ligase TPZrXa tan 6 


25 
Ro Xo(Xa—Xq) ee) 


Differentiating equation 25 we obtain an 


expression for stiffness. Near 6=0, 
sec? 6=1 and 

27,2 
dT TPZ Xa (26) 


[ign ote ane 
Although equation 26 is derived for no- 
load condition, it is found to be correct. 


approximately for light load up to about. 
one-fourth of the maximum torque. 


An Analytical Expression of the 
Starting Torque, Cross-Field 
Theory 


Single-phase reluctance motors are 
noted for ‘‘cogging’’ at locked rotor con- 
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dition. This is a very disagreeable effect 
and is recognized as some form of reluc- 
tance torque. The following analysis will 
give a quantitative account of both the 
induction motor torque and the reluc- 
tance torque at locked rotor condition. 

Referring to Figure 5, the stator cur- 
rents can be resolved along the two rotor 
axes dand q: 


(27) 
(28) 


Ig=Im cos A—al, sin A 


Ig=Im sin A+al; cos A 


From the cross-field theory, the starting 
torque can be expressed as: 

T=Edla sin (Eq,la)—Ealq sin (Ea, ie) (29) 
Since Eqg=IgZ.q,Eg=MjZeq equation 29 
can be written as: 


T=IqlaZeq sin (0+6,) — 
LalgZea sin (0a—@) (30) 


Note that Z,, sin 0; = Xeq,.. 
becomes: 


.., equation 30 


T=TIalq sin OReat+Reg)+ 
IaIg cos O0Xeq—Xea) (31) 


IgIq sin 6 and IgI, cos 6 are the imaginary 
and real components of J, conj. 7g. From 
equations 27 and 28, these are readily 
found to be: 


Iqla sin 06=aI mI; sin 65m (32) 


if 
IgIg cos O= 5 (Im? — a2Is?) sin 2A + 


aIsIm COS 03m cos 2A (33) 


Equation 33 will be put into a simpler 
form. Let J, and A; be defined by the 
following equations: 


1 
Tg’ (Im? —a2Is?)? +07 Ts*Im* cos? 63m (34) 


Equation 33 becomes: 


Iqla cos 6=IJ;? sin 2(A,+ A), 
2aIsIm COS O5m 


tan 2A, = 
In?—a?I5? 


(35) 
Substitute equations 32 and 35 into equa- 
tion 31, it is 


T=alpIs sin Osm( Rea t+ Reg) + 
Ty? sin 2(Ag+A)(Xeqg—Xea) (36) 


The first term represents the induction 
motor torque and is independent of the 
rotor position. The second term repre- 
sents the reluctance motor torque and 
varies sinusoidally with the rotor posi- 
tion. 

Equation 34 shows J,=0 if T= calle, 
and 6s,=90 degrees, as in the case of a 
polyphase reluctance motor, and that J, 
is large if J, and aJ,, are widely different, 
or if Asm is small as in the cases of per- 
manent capacitor motor and split-phase 
motors. Correspondingly, the reluctance 
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Rim JO%mtXe) 


Rim 


JXim 


Figure 4. An equivalent circuit for the 
capacitor reluctance motor 


motor torque or cogging is rarely noted in 
polyphase reluctance motors, but is very 
pronounced in reluctance motors of the 
permanent capacitor and _ split-phase 
types. 

The slots containing the d-axis rotor 
winding are located around the g-axis, and 
the slots containing the g-axis rotor wind- 
ing are located around the d-axis. In a 
typical reluctance motor, the air gap of 
the g-axis is increased by cutting off all or 
part of the rotor teeth around the q-axis 
as shown in Figure 6(A). The slot and 
zig-zag leakage reactances for the d-axis 
rotor winding are greatly diminished by 
this process, and X,q is smaller than X., 
asaresult. A simple experiment was car- 
ried out to prove the effect. Direct cur- 
rent was passed through the main wind- 
ing of a reluctance motor at first, and it 


M 


a“, 


d-axis 


Figure 5. Diagram showing positions of 
stator and rotor axes at standstill 
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(A) Xq> Xo» Xed < Xeq 


(B) Xg> Xq, Xed= Xea 


(C) Xq =Xq) Xed? Xe 


Figure 6. Three different types of -totor 


laminations 


was observed that the rotor turned until 
the direct axis was lined up with the main 
winding axis. Then the direct current 
was disconnected and an alternating cur- 
rent was passed through the main wind- 
ing. It was noted that the rotor turned 


1 
| 
| 


| 
| 
| 


90 electrical degrees until the quadrature | 


axis was lined up with the main winding 
axis. 

The above experiment clearly in- 
dicates that though Xgq is larger than 
Xq, Xeq is usually smaller than X gg. 

The above theory can be utilized to 
eliminate the cogging in a reluctance 
motor, by using a lamination as shown 


in Figure 6(B). The slot leakage react- 


ance of the d-axis rotor winding is in- 
creased so that X¢q is equal to X.~. On 
the other hand, a rotor lamination as 
shown in Figure 6(C) would not provide 
reluctance torque at synchronous speed, 
but causes much cogging at standstill. 


An Example of Performance 
Calculation 


| 


To. illustrate the application of the © 
theory, the starting and running perform- _ 


ance of a 4-pole 1/8-horsepower reluc- 
tance motor is calculated and compared 


with test results. The values of Xg and 


X, are calculated by a‘method derived in 
the Appendix. Other motor constants are 


calculated by well known methods and_ 


checked approximately by test. 
The motor constants are: 
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Rp= 21.7 Cots 


7.0 j5 


! 
| 
a=1.76 
Rim =7.0 Ris=18.7 
Xim=5.0 Xis=15.5 
Xa=99 X,=32 
ies = 2.4 = 42 

| Roa =4.3 Ro =4.3 
Z-=3 —j306 (running) 
Z.=768 (starting) 


Iron loss =24 watts 
Friction and windage loss=10 watts 


The circuit constants of Figure 4 are 
calculated as below: 


Zea = 4.14 52.5 
Zeq=3.3+j4.1 


Zz = (41+8.8)4)5(25-+4.1)= 1854733 


2 a? 
Xe 
2a? =49.4 


MXa—X,)/Xe=21.7 


| Substituting these values in Figure 4, we 

obtain the equivalent circuit for this 1/8- 
horsepower motor as shown in Figure 7. 
Take as an example of calculation from 
the equivalent circuit, the load point 
6=14 degrees: 


Ry = 21.7 cot 14°=87.1 


j67 X87.1 


871-4767 +767 =32.4+742 


_ The-mesh-equations from. the equiva- 
lent circuit are: 

93.4/ — 29.6 ° = (39.4+729.6)I+ +749.4I- 
93.4/29.6 ° = (8.85 —j41.1)J- +j49.41+ 

From these equations, 7+ and J~ are 
solved to be: 

‘T+ =1.86/—63.1° =0.84—j1.66 

I- =0.12/—170.5°= —0,12+ 30.02 


ee (I+ +I-)=0.51—f1.16 
m V2 + +J-)=0. gills 

d ; 
(7. —J-)=0. 0. 
eas vat I-)=0.675+j0.386 


The iron loss consists of two parts: the 
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yoke and teeth iron loss which should be 
added to the electrical input, and the 
tooth pulsation loss which should be de- 
duced from the mechanical output. As 
an approximation, one-half of the total 
iron loss is assigned to each part. The 
friction and windage loss is deduced from 
the mechanical output. 


Output = 1.862 32.4 —0.12? 1.85 — 
12—10=90 watts 


3 12 
Line Current =J,+Js5+ Tis 
= 1.29 —j0.774 =1.51/31° 
Input = 1.29 115=149 watts 
Efficiency = 90/149 =60.3% 
Power Factor = cos 31° =85.6% 


Similar calculations are made for various 
values of 6, and the calculated results are 
compared with measured values in Figure 
8. 

Tocalculate the maximum torque and 
the torque angle ratio, Z,and J, are calcu- 
lated from the equivalent circuit. They 
are: 


Z,=28.7/76.4° ohms, I;,=3.86 amperes 
Hence, from equations 24 and 26: 
3.86? X 28.7 


max” 4 cos? 38.2° 
= 150 synchronous-watts = 9.4 ounce feet 


dT 3.86?X 28.7? 


a sg 
watts/radian =0.61 ounce feet/degree 


22 


= 565 synchronous- 


Measured values for the maximum torque 
and torque angle ratio are 8.8 ounce feet 
and 0.56 ounce feet per degree respec- 
tively. 

Apparently, the starting currents de- 
pend on therotor position. Asa first ap- 
proximation, the average value of the 
rotor impedance is used to calculate 
these currents. 


1 
Lovg= 5( Zea Za) = 3.14 33.3 


115 


oles 
G Lim+ Lave 
115 
_ Sere bse 
3 List Ze+a*Lave 


From equation 36, the starting torque is 

calculated: 

Starting torque=14.8+2.9 sin 2(A;,+A) 

ounce feet 

The minimum and maximum values of 

the starting torque are 11.9 and 17.7 

ounce feet by calculation and 10.2 and 16 

ounce feet by test. 


Summary and Conclusions 


1. An equivalent circuit for the capacitor 
reluctance motor is derived, based on the 
double revolving field theory, Figure 4. 
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120 


Figure 8. Performance curves for a 1 /8-horse- 
power 4-pole capacitor reluctance motor 


2. The mechanical output is represented as 
power dissipated in a load resistance in the 
equivalent circuit. The value of the load 
resistance depends only on Xq and Xq and 
the torque angle. 


3. From the equivalent circuit, the torque 
angle, efficiency, and power factor for vari- 
ous load points, as well as the maximum 
torque can be calculated. 


4. The starting torque, as calculated by 
the cross-field theory, equation 36, consists 
of a constant term and a sinusoidally vary- 
ing term, depending on the rotor position. 
The sinusoidal term is undesirable, as it 
creates low values of the starting torque. 


5. The sinusoidal term of the starting 
torque can be eliminated by either of two 
alternative means: By making J,,=als, 
and @ms=90 degrees, and by increasing the 
slot leakage reactance of the slots located 
below the large air gap, so that Xeqa=Xeq. 


6. The starting and running performance 
of a 1/8-horsepower 4-pole capacitor reluc- 
tance motor is calculated. The results 
agree reasonably well with test values. 


Appendix 


For calculations of Xq and X;q: 


C=total conductors 

Ky =winding factor 

q=number of poles 

1=effective length of air gap 
w=length of stack 

\=pole pitch 

J =winding current 

B=flux density in the air gap 

A =position angle, in electrical degrees 


It is assumed that the windings are sinu- 
soidally distributed. The magnetomotive 
force is: 


CKylI 


sin A (37) 


4 
mmf =— 
wv 
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The air gap flux density is: 


3.19 6.38CKyl . 
B=mmfX—— == si 


A 38 
l mq) < od 


The total flux linking the winding is: 
™4 CK, r 
rioxma = —"* sin AXBW- dA (39) 
0 = 249 T 


From equations 38 and 39, the magnetizing 
reactance can be determined. It is: 


‘ FI 
Xm=2nfX10-8X =e = nf CK y?X 
AILWh. (°* sin? A 
joo oe dA (49) 
q 0 1 


The effective air gap length varies as a peri- 
odical function of 2A. Suppose /=/, for 
an interval of A,, and /=/, for the rest of the 
period, r—A,; 1,>l2, then: 


0.411 Wd 
Xa=2nfc?Ky?X10-= XX 
q 


[ss sin Ai As + sin A (41) 


2h 21s 
Similarly 


0.411Wd 
NPP A CDG SU SKS 


[2-485 sin Ar Art sin | (42) 


212 2h 


For the motor cited in the example: 


Small air gap =0.0145 inch 
Saturation factor =1.15 

Air gap constant =1.3 

1, =0.0145 X 1.15 1.3 =0.0216 inch 
Large air gap =0.200 inch 


C=1,168 
\=3.04 inches 
W =1.50 inches 
q=4 


A = 
Say 


The values of X¢ and Xq as calculated from 
equations 41 and 42 are 99 and 32 respec- 
tively. 


Nomenclature 


a=effective turn ratio 

Em=main winding voltage 

E,=auxiliary winding voltage 

E, =positive sequence, air gap electro- 
motive force 

E_=negative sequence, 
motive force 

E,=d-axis, air gap electromotive force 

E,=q-axis, air gap electromotive force 

Im=main winding current 

I; =auxiliary winding current 

I, =positive sequence current 

I_ =negative sequence current 

Iq, Ig=direct and quadrature axis stator 

currents, at locked rotor condition 

Iy+ =positive sequence direct and 

quadrature axis stator currents, at 

synchronous speed 

Jj, =cogging current, defined by equation 34 

7,=short circuit current of R, in Figure 4 

Xq,Xq=d-axis and q-axis magnetizing re- 
actances 

Zim =Rim+jXim main winding local imped- 
ance 

Zis = RistjXis capacitor and auxiliary wind- 
ing local impedance 

Z,=R;,+jX+ positive sequence apparent 
rotor impedance, at synchronous 
speed (Figure 3) 


air gap electro- 


Tas, 


Z_=R_+jX-— negative sequence appare: 
rotor impedance at synchronoi 
speed (Equation 17) 7 
Za = RoatjXoa d-axis rotor cage impedance 
in stator terms 
Zoqg= Rog +jXe g-axis rotor cage impedan 
in stator terms 
Lar = ReatjXe dy Zeq = RegtjXee effective 
rotor impedances at standstill of the 
d-axis and qg-axis respectively. 
and Zog are related to Zeqand Zeg b' 
the equations: . ; 


om 


| 


_ jXa(Reat+jXoa) 
Reatj(XatXea)’ 


zi sXe Ra iol 
Rag j(Xa+ Xe) 


6 =torque angle, defined in Figure 2 j 


A=angle between main winding axis and 
d-axis, defined in Figure 5 
Ax =defined by equation 34 { ; 
6=angle between J; and Ig t 
0a, 0g=power factor angles of Zeq and Zeg | 
respectively | 
O0sm =angle between J; and Im, 
i 
t 


ed 
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Single-Phase Motor Synthesis 


Tv. LLOYD 


MEMBER: AIEE 


i‘ DESIGNING a single-phase motor, 
no method has been shown whereby 
it is possible to start with a desired maxi- 
mum torque, and solve for the winding 
and length of lamination stack. 

By assuming a stack and a desired 
maximum torque, it has been shown to be 
possible to solve directly for the stator 
winding.1 This method, however, de- 
pends upon the judgment of the designer 
in making his choice of stack for initiating 
the design, If his selection is a poor one, 
the design may result in too high a flux 
density or be wasteful in steel. 

The present paper shows a method 
whereby, on a single-phase motor, the de- 
signer can select a value of maximum 
torque (which fixes the horsepower 
through National Electrical Manufac- 
turers Association (NEMA) standards), 
select a desired flux density in the mag- 
netic circuit, and solve simultaneously for 
both the number of conductors in the 
winding and the length of stacking in 
inches. The method is somewhat similar 
to that shown for polyphase motors,? 
based on the little known fact that the 
maximum torque of an actual motor is a 
function of two fictitious motors. One 
has no end coils and is all stacking and 
embedded conductors; the other has no 
stacking, but is made up only of end coils 
and end rings. 

By this artificial separation, we are 
able to deal with resistance and reactance 


Paper 51-365, recommended by the AIEE Rotating 
Machinery Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Fall General Meeting, Cleveland, Ohio, 
October 22-26, 1951. Manuscript submitted 
March 26, 1951; made available for printing 
August 30, 1951. 


T. C. Luoyp is with Robbins and Myers, Inc., 
Springfield, Ohio. 


Of the several solutions for the quadratic equation, 
giving the simultaneous solution for stack and con- 
ductors, an investigation by Dr. S. S. L. Chang re- 
sulted in the final form presented here. The funda- 
mental expression for maximum torque of the single 
phase motor also resulted from his work. 
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components either independent of stack 
or ‘‘per inch of stack.’’ The simultaneous 
solution of conductors and stacking is 
thereby achieved. 


The Maximum Torque 


Since the horsepower rating of single- 
phase motor is defined in terms of maxi- 
mum torque, this offers an important and 
logical value by which to initiate a de- 
sign. 

Expressions for the maximum torque 
of a single-phase motor have always been 
unwieldy, partly due to the fact that they 
are not independent of rotor resistance. 
However, a new equation is available, 
based on the reduction of Dr. Chang’s 
equivalent circuit for the capacitor motor® 
to the plain single-phase case. A partial 
derivation is given in Appendix I, re- 
sulting in this working formula: 


112.6 | V? 
Tm — p°—F— F.| 


~ Syn. rpm] X 
ounce-feet (1) 


The important factor B” is read from 
Figure 1 as a function of the leakage 
factor K, and the resistance—reactance 
ratio a: 


0.55R:  KrRi_ 
be apie 


a 


The friction loss (F) in watts, and the 
cross-axis core loss (/,) in watts, must be 
subtracted as shown, to yield a net torque. 
For convenience, the designs will be made 
for gross torque, greater than 7), by these 
losses. Then 


i OS 
9” Syn. rpm X 


6” ounce-feet (2) 


Friction loss must be obtained from 
previously known or estimated data on 
the motor. Cross-axis core loss can be es- 
timated in watts as: 


Below 0.5 horsepower 
0.5 to 1.5 horsepower 


100 X horsepower 
50 X horsepower 


For instance, on a _ 1/3-horsepower 
1,725 rpm motor having a friction loss of 
40 watts and a cross-axis core loss of 33 
watts, the net maximum torque should 
be 40.5 ounce feet. Obviously the gross 
torque 


112.6 
T, = 40.5-++-—— X73 or 45.27 ounce-feet 


Nomenclature 


Tm =the net maximum or breakdown torque 
in ounce-feet 

T,=the gross value of breakdown torque 

Tms=the breakdown torque of a ‘“‘stack”’ 
motor 

Tme =the breakdown torque of an ‘‘end” 
motor 

F=friction loss in watts 

F,=cross-axis core loss in watts 

R, =the stator winding resistance 

R2=the rotor resistance in stator terms 

Ris=the resistance of the stator “‘stack’’ 
winding (embedded) 

Rie =the resistance of the stator ‘‘end”’ wind- 
ing (end coils) 

X =the total leakage reactance 

X,=the leakage reactance of the ‘“‘end” 
motor 

Xsz =the leakage reactance of the ‘‘stack’’ 
motor 

Xo=the total reactance from leakage and 
mutual fluxes 

n=number of phases (2 for single-phase) 
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1,725 
C=the series conductors of the stator wind- 
ing 
Co=a function of conductors and stack 
length 


L=inches of stack of laminations 

Ly)=apparent, uncorrected, stack length 

1, =average length of one stator conductor in 
inches (1/2 turn) 

1,=that part of 1, which is not embedded 

U=the decimal fraction of the slot cross- 
section which is filled with copper 

S’=the effective number of full slots, for 
calculating resistance. If all slots 
were equally full, S’ = S; 

K,=a factor, greater than unity, for obtain- 
ing apparent air gap length 

K,.=a constant for end ring leakage gov- 
erned by end ring contour 

S.F.=saturation factor. This times the 
air-gap ampere-turns equals the total 
ampere-turns for gap and complete 
mutual flux path at the flux density 
used. Assume 1.2 
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ox . OS5R,, KR 
Figure 1. The breakdown torque factor as a 
function of resistance-reactance ratios 


Although this maximum torque equa- 
tion involves simplifying approximations, 
comparisons with more complicated equa- 
tions and with actual tests, indicate a high 
degree of working accuracy. 


Stack and End Motors 


Of the three components of leakage re- 
actance used here, slot and zigzag vary 
directly with the length of stack. End 
leakage is independent. The resistances 
of the end coils, and the end rings, are in- 
dependent of stack. 

A stack motor will be concerned with a 
value of 8” depending upon 


0.55R: KR 
x (stack)+ x 


(stack) 


One problem will be to set up a method 
for calculating these values as well as 
similar values for the ‘‘end’”’ motor. We 
will then have two values of 8” to deal 
with; 6,” for the stack motor and 8,” 
for the end motor. In general: 


p= (3) 
Tos t+Toe 
and 
112.6 V2 
L3= 3" 
Syn. rpm Xr 
forthe stack motor (4) 
we ET ge Tore a 
Lepage as x." ortheend motor (5) 


Equations 4 and 5 should be substituted 
in equation 3, but not before some fur- 
ther expansions are made. 


Leakage Reactance and Reactance 
Ratios 


Leakage reactance components used 
are: 


X =2nfC20nL10-8 (6) 


where =the slot permeance per inch of 
stack. 


X=2nfC20,nL10-8 (7) 
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where ©, =the zigzag permeance per inch 
of stack. 


X =2nfC?P-n10-8 (8) 
where ®,=the end permeance. 


The permeances involve the usual for- 
mulas: 


Slot: 
K;' x) : 
=3:60( — K per inch (9) 
o.=3.00( 492) xp 
Zigzag: 
: i Ey 2 
ses SoU (At 05) K per inch (10) 
ASiS2\ ’-+X" 
End: 
r > 7 
Pema KeK : (11) 


The correction for winding distribution 
(K) is read from Figure 2. 


Resistances 


The average length of one stator con- 
ductor is ],. (This is one conductor or a 
half turn.) If the length of stack is L, 
then the average length of the end con- 
ductor is: 


1,=1,—L (12) 


The resistance of the stator winding for 
the stack motor is: 


(13) 


For the end motor: 


1.C? 
we 
1 A,US’ (14) 


The resistance of the rotor bars is: 


LhyC*Ky2n 


R. = 
23 as 


(15) 


The resistance of the end rings is: 


2D7k-KiC*K 


R 
rs xP?Ar 


(16) 


Combining these ratios, for the ‘“‘stack” 
motor: 


BE stack= ee Le aa 

xX A,US'2xf 520 6) 

where 

Psz=Ps+ Pz (18) 
See equations 9 and 10. 

— Sack 

xX ApS22rf P sz ) 

For the ‘‘end” motor: 

Ri og - Helo? 

xX AsUS’2rfOn cy) 
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ij 


R: 2D, kr KK w?10® 
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# (21) 
XG aP?A ,2rf Pe 


The flux factor 
Xo—-X 


Xo (22) 


ke 


Or, in terms of permeances: 


Co—Crz 


K;= 
r Po 


(23) 


wherein 


0.322AL Ky? | Pz 


~ PARAS IOC Ge 


oO 


Px, = PszL +0, (25) 


To evaluate equation 23, it is necessary 
to know the stack, Z. But, if any reason- 
able value such as 2 or 4 inches is assumed 
for L (for this calculation only) the re- 
sults will not be affected appreciably. 


Derivation of Final Equations 


Equations 3 will now be expanded by 
equations 4, 5, 6, 7, and 8. 


_ 112.6 v2 Bs" Be” 
Syn. 2xfC2n10-8 LO3z0¢ 


(26) 


This equation involves both conductors 
in the stator winding (C) and stack length 
(L), but it does not tie together the two — 
in terms of flux density. 

We will use the maximum flux density 
in kilolines in the stator teeth as a measure 
of magnetic loading. Then by usual mag- 
netic circuit calculations: 


2 panic) 
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Figure 2. Effect of winding factor on the 
leakage reactance ‘ 
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Let the expression in brackets be Cp. 


Co 
C=— 2 
L (28) 
Substitute for C in 26 and transpose: 
PeBs” OszBe” 
Qaf Cong} 2 4 ee 
af Coen A | 1? SP L | 
112.6V*B;" Be” 
_ 112.6 V7Bs" Be (29) 
Syn. Ty 


This is a quadratic equation for which 
one solution for L can take the form: 


iE, 
= (See Figure 3) (30) 
sec 0—1 
0 
En=2 es (31) 
e Osz 


The secant of 6 is calculated from the re- 
lationship: 


ene wos Vy DGLOs 
tan 6=7.74 
(oe 1 fQ.@sz 


(32) 


Using these equations to solve for the 
required stacking, we then determine that 
the series conductors needed in the stator 
winding are: 

Co 


c= 


L (33) 


This winding and stack then give the 
required maximum torque in ounce-feet 
and result in the desired flux density. 


EXAMPLE 


A motor rated at 1/3 horsepower, 
1,725 rpm is to be designed in NEMA 
frame 56. As an aid in showing the pro- 
cedure, the data will be tabulated. It is 
assumed that the laminations are known 
and such items as slot constants, slot 
areas, et cetera, can be copied directly 
from the master lamination sheets. 

The data needed are: 


Stator slot constant K,;’=1.366 
Rotor slot constant Ks” =1.483 
Number of stator slots S,=36 
Number of rotor slots S,=48 
Inside diameter of stator, inches D =3.875 
Axial air-gap length, inch A=0.015 
Stator slot area, circular mils 4; = 186,000 
Slot fullness U=0.35 
Rotor bar area, circular mils A» =20,820 
Stator tooth width, inch a.t.w. =0,125 
Stator tooth face, inch T’ =0.246 
Rotor tooth face, inch T” =0.185 
Corrected stator tooth face, inch 

T,' =0.2855 
Corrected rotor tooth face, inch 

Aye OPH TS 
Stator tooth pitch, inch \’ =0.339 
Rotor tooth pitch, inch \” =0.250 
Corrected gap length multiplier K, =1.36 


As soon as the end ring section of the 
rotor is selected, the following additional 
data can be calculated: 
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End ring size, inches !/, 1.00 
End ring area, circular mils A, = 159,000 
Diameter across bar centers, inches 

D, =3.609 
Inside diameter of ring, inches Dj =1.845 
Ratio: D;/D,=0.511 
Correction for current distribution 

Kral S 
End ring permeance constant K, =0.65 


The factor Kp” follows Trickey‘ in cor- 
recting the apparent resistance of the end 
ring through uneven current distribution. 

The constant K, is used as shown be- 
cause the end ring has a comparatively 
great radial depth. 

The winding distribution will be se- 
lected, using 100 per cent as the fullest 
slot. Then: 


= 


‘Per Cent 
Slot Conductors 


With the distribution selected, the follow- 
ing values can be calculated: 


Winding factor Ky» =0.857 

Leakage correction K =0.825 (See Figure 2) 
Length of end conductor, inches =3.14 
Equivalent number of full slots S’ =20.32 
Pole pitch, inches \=3.05 


Calculation of Permeances and 
Ratios 


From equation 9 ®;=0.206 per inch 
From equation 10 ®, =0.134 per inch 
Sum: @sz =0.340 
From equation 11 Pe =0.405 
Sum: @,=0.745 complete motor 
l-inch stack 
From equation 24 9 = 22.85 assume 3-inch of 
stack 
From equation 23 K,=0.94 for any stack 
of about 3 inches 


For the “‘stack’”’ motor 


R,/X =0.294 Equation 17 
R./X =0.571 Equation 19 
K,Ri/X +0.55Re/X =0.583 “stack” 


For the ‘‘end”’ motor 


Ri/X =0.77 Equation 20 
R2/X =0.488 Equation 21 
K,Ri/X +0.55Re/X =0.975 “end” 


From Figure 1 
Bs" =0.265 


A flux density in the stator teeth of 69.5 
kilolines will be accepted as a reasonable 
measure of magnetic loading. Then, 
from equation 27: Cy=1,670 and, from 
equation 31: Lo=3.28 inches. 


Be” =0.193 
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Figure 3. Correction for apparent stack 


length 


Bear in mind that the ‘apparent stack”’ 
Lois a constant for these laminations, with 
this winding distribution, and rotor end 
rings, regardless of the number of con- 
ductors, stacking or flux density used. 

The maximum torque desired for this 
1/3-horsepower motor is 40.5 ounce-feet, 
representing the top of the NEMA torque 
band. The gross torque is then 45.27 
ounce-feet. 


tan 6=2.10 from Equation 32 
sec 9—1=1.33 


The correct stack is then: 


Ly , 
L=—— or 2.46 inches 
sec 0—1 
This is “rounded off’ to 2.50 inches. 


The series conductors will then be: 


ca or 668 


Proportionate Designs for Fast 
Estimating 


Examination of the terms making up 
equation 31 reveals an interesting fact. 
For a given set of laminations, any wind- 
ings using the same winding distribution 
and slot fullness, will display a constant 
value of Lo, regardless of the stack. In 
short, Lo is a function of the magnetic 
contour, winding distribution and end 
rings of the rotor, as previously men- 
tioned. 

Assume that one design has been made 
by this method so that Lo is known. 
Other ratings with the same number of 
poles can be estimated quickly by simple 
proportion. Thus, for a difference in 
gross maximum torque: 


1 
new. tan 0==— ———— 
pew’ ty 
old Ty 


If the flux density in the new design is 
to be different than in the old: 


(old tan @) (34) 
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(B) m 


Figure 4. The Chang equivalent circuit for 

the capacitor motor is shown in (A) with the 

capacitor branch removed. The circuit is re- 

arranged in (B) and is exactly equivalent to 

other forms of the equivalent circuit with core 
loss neglected 


B, new 
tan 6= Id tan @ 35 
new tan Biola (old tan @) (35) 


In this latter case, Cy varies also, so that: 


Id B 
new Cy=old Cy oes 


36 
new B, ($9) 


Example of Proportion 


A 1/2-horsepower 4-pole motor dis- 
plays the following values: 


IL) =8.41 inches 
lines 
tan @=2.21 


CQ=1310 B,=69.5 kilo- 


T,=70 ounce-feet 


In Figure 3, tan @ is plotted against 
1/sec 9—1 for convenience in calculation. 
For tan 6=2.21, the correction for stack 
is read as 0.718. Then: 


L=3.41 X0.718 or 2.45 inches of stack 
The series conductors required are: 


_o _1,310 
a O45 or 532 


The design was actually built with 2.5 
inches of stack and 528 series conductors. 

The problem is to investigate a 3/4- 
horsepower rating in this same lamina- 
tion. Higher flux densities will be used 
and the gross maximum torque desired is 
109 ounce-feet. Assume that 74.0 kilo- 
lines in the teeth will not be excessive. 
The new tan 6 is then: 


new tan 6= —— X2.21 or 1.88 


y= 109 Xe (From equation 35) 


From the curve, the stack multiplier is 
0.88. The required stack 


L=3.41 X0.88 or 3.0 inches 


The new Cis: 


69.5 
1,310 X— 
x 74 or 1,230 
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The series conductors needed are: 


1,230 


C= or 410 


The design, made in the usual way, had 
used 3.0 inches of stack and 412 series 
conductors. 


Appendix | 


It is assumed that the reader is familiar 
with the usual equivalent circuits for the 
single-phase motor by the cross-field theory, 
including that developed by Dr. Chang® for 
the permanent-split capacitor type. The 
latter reduces to that shown in Figure 4 
when the ‘‘capacitor branch”’ is omitted. 

The maximum torque developed by the 
plain single-phase motor oceurs when the 
power absorbed by the “load” resistance R 
isa maximum. This is a function of speed 
and so are the two resistances Re/(1+). 
For the time being, these two resistances 
will be considered as fixed, but of unknown 
value. 

From Thevenin’s theorem the circuit to 
the left of the dotted line is equivalent to a 
voltage source Vz in series with an imped- 
ance Ze. V~, is the open circuit voltage 
appearing at the two terminals of R if R is 
removed. Z, is the impedance measured at 
the two terminals with R removed, and 
with the lines at the voltage source V short 
circuited. 

Then the maximum power absorbed by R 
is: 


2[Re+V RE+Xe] 
where: R-+jX-=Z, 


Since Vz is the open circuit voltage with R 
removed, it differs from V by the small 
voltage drop in the series impedance, caused 
by the magnetizing currents through X,, and 
Xo. 

The impedances of these series elements 
are much less than Xm or Xo and their re- 
sistances cause a shift in the position of V, 
with little effect on its magnitude. Our in- 
terest is in the latter, and hence the re- 
sistances will be neglected. 

Since 


Kp=Xm/Xo 
%1 or X2 or X/2=(1—Kp)Xy 


The combined reactance of Xm, in parallel 
with X)+X/2 is: 


KpX\2—Ky)Xo__ Kp 
enema Teme 


The voltage across Xm is, therefore: 


3g (2-K)Xo 

Var V- 
Kp 

el —Kp)Xot+F (2 — Kp) Xo 


_KpV(2—Kp) 
2—K, 


The voltage V, is: 


Lloyd—Single-Phase Motor Synthesis 


1) 


Xo 


Vom Vint COP eae 


Combining: 
Kp 
=|" 
Vs 2=K, 


Although the resistances could be neg- — 
lected in determining V., they are large 
enough with respect to «1 or x2 so that they 
should be considered in calculating Ze. 

The resistances R2/(1+.S) have been con- 
sidered as though they were not functions of 
speed. We now wish to assign them an 
average value. On the assumption that the 
usual speed at which the maximum torque is 
likely to occur is 82 per cent of synchronism: 


=0.55R 
Te ore 


Now the impedance Z, can be considered 
as being made up of two parallel impedances, 
shown on Figure 5 as (A) and (B). 

For Figure 5(A) the impedance is: 
0.55R2+jXo. By the simplification of the 
flux factors, for Figure 5(B) the impedance 
is: 0.55Ro+ Kp RitjX. 

Then: 


ae 55R2+-K,Ri +jX) 
approximately 


Ze 


The maximum torque in synchronous watts 
is then: 


ie dees 
el Oa ake 
1 
0.55Re+K;Ri 0.55R2+K;,R: \? 
ee ee 1 ER Er SP i 
cs ry +( E: ) 


To save repetitive work, terms can be com- 
bined in this manner: 


0.55R.  K,R; 
a= aoe 
D4 AG 
ES Bom 
anAy Gat 
he 0.5K; Bo 
2—K, 


Converting to ounce-feet and subtracting 
the friction and cross-field core losses: 


112.6 We 
n=l eS 
i Syn. male Gieae r.| 
O.55R2 
Xo 
(A) 


Figure 5. Equivalent components of the 
circuit ; 
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i 
| 

Bue various values of 8” are plotted in 
" Figure 1. 

_ The assumption made for the speed at 
which maximum torque occurs (whereby 
_R:/(1+S) became a fixed value) has little 
gicfect on the accuracy of the final results. 

| For instance, if R:/X is 0.5, S may vary 
from 0.7 to 0.9 with only a change of 0.017 
added to a@\in the former case. The net 
Hi effect on the calculated torque is very small. 
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No Discussion 


ASSOCIATE MEMBER AIEE 


HE 2-phase induction motor is used 
extensively in a-c servo systems. As 
_ ordinarily used one phase is supplied with 
constant voltage from a single-phase 
' source through a phase shifting capacitor 
and the pertinent control information is 
carried in the form of the magnitude 
_ variation of the voltage impressed on the 
second or control winding. This voltage 
is maintained displaced at 90 degrees with 
-respect to the main winding voltage. 

The work here presented is the out- 
growth of a proposal to design a servo 
system employing such a motor but with 
the control information carried in the 
form of a varying phase angle of a con- 
stant magnitude control voltage. 

Servo systems using voltage magnitude 
control are subject to interference ap- 
pearing in the control channel as a false 
signal or “‘noise.”’ 

Both the signal and the noise are of an 
amplitude nature and consequently if the 
noise is of an appreciable amount, the 
operation of the system may be affected 
adversely. With the information trans- 
mitted in the form of a varying angle of 
constant voltage, in cases where the con- 
trol signal is small, the noise would have 
little or no effect. For the conventional 
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system the noise voltage might be an ap- 
preciable portion of the total voltage 
under conditions of small control signal. 
Thus in terms of noise there is certain 
similarity between the two systems and 
those of phase modulated and amplitude 
modulated telephony. 


Motor Torque Characteristic 


The types of induction motors used for 
servo work have very high rotor resist- 
ance and hence very low operating effi- 
ciencies. 

The reason for this design is that the 
motor torque characteristic must be 
fairly linear so as to accurately reproduce 
the input, and also single-phase operation 
must not occur for any value of excita- 
tion. As shown in Figure 1 (which illus- 
trates single-phase operation) the motors 
tend to develop negative torque with 
respect to rotation of the rotor. For sine 
wave 2-phase excitation, only twice the 
upper half of Figure 1 is present and the 
motor will develop torque as a function of 
control. 

In order to point the direction of the 
analysis of the motor, an experimental 
steady-state study of torque curves were 


W 
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lo 

Figure 1. Two- 

phase motor torque 

speed curve 
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first determined. Reference to the posi- 
tive sequence part of Figure 1 will show 
that over the normal operating range of 
the motor (positive slip) the slope of the 
torque-speed curve is uniform, The 2- 
phase motors available for test purposes 
were low wattage types built by Diehl 
Manufacturing Company. The per- 
tinent data for these motors are shown in 
Table I. 


Discussion of Torque Coefficients 


Since the motors are of the 2-phase 
type, they are very sensitive to harmonics 
in the applied voltage wave. Especially 
noticeable is the effect of the third har- 
monic in reducing the net torque output. 
In the light of this condition, all the volt- 
age sources used for test purposes must be 
as nearly sinusoidal as possible in order to 
accurately determine the motor charac- 
teristics. 

A 20-volt source of 2-phase sine wave 
voltage with the time phase angle easily 
and accurately adjustable was used to 
supply motor number FP25-3. A com- 
plete set of speed-torque curves were ob- 
tained under voltage and phase angle 
control. The results of these tests are 
plotted in Figures 2 and 3. Adjustable 
2-phase sine wave voltages of the order of 
magnitude of 75 to 115 volts were not 
readily available and hence only the 
blocked torque curves were obtained for 
motor FPE 25-11. The characteristics of 
both motors, however, are similar. 

Under normal positional servo opera- 
tion two conditions can be defined. Zero- 
ing, or operation about the balance point 
(the desired output), occurs most of the 
time in a high performance system, since 
the output must accurately reproduce the 


'S=2 SLIP 
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Table |. Motor Information* 
Motor Aft Motor Bt 

Style number........... FP 25-3 .-FPE 25-11** 
Outline weeatrmte ete eran a 1-A-357 . .4-A-369 
Watts output.......... 225) SE O/ 2D. 
POLES Te oe ricecokatets ale¥r is at's 2 er 
Frequency, cycles per 

SECONGs <caeeseteteletalsi s/s 60 . 60 
Volts per phase.........20 2. 115/75 
Performance curve...... ED 4037. ..ED 3780 
Locked torque in 

EOLITICOS sien eis/ss) ore share“ 2.5 ..0/2.5 
Motor ratia gems. sirens Continuous. . Continuous 
Temp. rise, centigrade 

(55° Ambient)........ 65 . 65 


*Source— Diehl Servo Motor Catalog. 

+Motors develop 63 per cent locked torque at 55 per 
cent of rated speed. 

**Stator—8 slots; 3-slot coil pitch. 


Rotor—11 slots (squirrel cage), 5/8 inch diameter, 
11/2 inch long, 60-degree skew. 
Terminals—Phase 1, 1,3; Phase 2, 2,4. 


input. Slewing, on the other hand, oc- 
curs when a large step input is applied to 
the system and there is a definite time be- 
fore the output can regain correspondence 
with respect to the input. During normal 
zeroing operation, the motor speed gen- 
erally does not exceed one half full motor 
speed, while during slewing periods, top 
motor speed is approached. There are 
then two conditions to investigate when 
interpreting the speed-torque curves. 

The end result of these curves is an ex- 
pression of motor torque which can be 
used in servo system equations. A general 
expression! for the curve shown in Figures 
2 and 3 is as follows: 


(1) 


where 7=motor speed and w=control 
quantity. 

The use of equation 1 involves the de- 
termination of the coefficients O7/On 
in the neighborhood of the operating 
speed, 7, and 07 /Oy in the neighborhood 
of the operation control position. Ob- 
servation of Figures 2 and 3 shows that 
for speeds below 2,000 rpm the speed- 
torque curves are of fairly constant slope. 
No change is noted in the shape of the 
curves for the phase control set as com- 
pared with the voltage control set. While 
not entirely correct, the assumption that 
the coefficient OT /On is a constant value 
over the normal range encountered in 
zeroing operation gives fairly accurate 
results. When slewing occurs, the motor 
speeds become quite high and the value 
of OT/On. changes considerably. How- 
ever, other factors change in the system 
during this period making this an en- 
tirely separate problem. Since during 
zeroing period, the speed-torque curves 
are fairly parallel, an indication of the 
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Figure 2. Speed torque curves, phase control 


value O7/Oy can be obtained by using 
the blocked or zero speed values. A 
curve of torque versus control for zero 
speed is plotted in Figure 4 for motor 
FP 25-3 and in Figure 5 for motor FP 
25-11. A comparison of voltage control 
and phase control is shown in Figure 4. 

The results plotted in Figure 4 show 
the main difference between the torque 
functions of motors operated with voltage 
and with phase control. The curve for the 
voltage controlled system approaches a 
fairly straight line (B), giving a constant 
for the value of OT /OW. Thus linear dif- 
ferential equations with constant co- 
efficients can be written for the voltage 
controlled case. The phase controlled 
system on the other hand has a charac- 
teristic that approaches a sine function of 
the control (dotted curve). The results 
of tests on motor FPE 25-11 shown in 
Figure 5 more nearly approach the ideal 
sine curve. Therefore the value of O7/Ow 
for the phase controlled case is a sine 
function rather than a constant. As will 
be shown later, this gives an equation that 
is nonlinear and as such has at the pres- 
ent no formal solution. 
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The motor torque equations can be 
written as follows. 


For voltage con- — 


trol: 
d0o 
T= = Kes 2 
yae dt + AE ( ) 
For phase control: 
dé | 
T= -Kup+Ks sin e (3) 


where 


—K-=slope of the speed-torque curves be- 
low 2,000 rpm 


d 
ane =motor output speed 


K,a=value of 
OW |doo/dt =0 


K,=maximum blocked motor torque 
¢=control quantity in proper units 


Another factor to be noted is that in the | 
voltage control system, saturation alone — 


limits the maximum motor torque, since it 
is possible for the control phase voltage to 
rise above rated value (with great in- 
creases in motor heating). 
controlled system on the other hand has 


The phase — 


an upper limit at rated value, since any — 
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Speed torque curves, voltage control 


AIEE TRANSACTIONS 


MOTOR TORQUE IN OZ 


8 io 12 14 AG 
CONTROL QUANTITY 


further increase of the time phase angle 

beyond 90 degrees will decrease the motor 

torque along the sine curve. This feature 
protects the motor from high exciting 
currents with resultant heating. 

_ The motor impedances are given in 
Table II. Observation of the running 
light and blocked rotor impedances show 
that the exciting impedance is low in com- 
parison with the rotor impedance. This 
checks the form of the speed-torque 
curves which indicate a high rotor re- 
sistance. The shape of the curve con- 
tributes the term —K(d0/dt) which can 
be called a damping term since it opposes 
the motor generated torque in thé equa- 
tion of the curves. This inherent damping 
is an aid in stabilizing servo systems. 

It must be stated at this point that the 
torque-speed curves and equations de- 
veloped thus far are for relatively steady 
state conditions. That is, the control 
function must change at a rate that is 
slow compared to the carrier or exciting 
frequency. Under balanced 2-phase 
conditions the field in the motor can be 
considered as rotating at a constant speed 
with a constant magnitude generating a 
uniform torque. As either the phase or 
the magnitude of one of the vector phase 
voltages is varied, the rotating field locus 
becomes elliptical in shape, rotating with 
a varying velocity. When the vector 
phase voltage becomes zero, or in phase 

‘with the other phase voltage, the motor 

field merely pulsates. Thus the average 

torque varies from maximum to zero. 

If the control quantity changes at a rate 

that approaches the synchronous flux 
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speed, the experimentally determined 
curves do not give the true facts. For 
this reason higher excitation frequencies 
than 60 cycles are often used to increase 
the information carrying ability of an a-c 


servo system. oad eke ou: 


Analytical Proof of Torque 
Characteristic 


The experimental results can be veri- 
fied analytically in several ways. The 
most direct means is by the method of 
symmetrical components. If values are 
defined as shown in Figure 6, then 
Vin = Sa Vinit Vine; Vo= Vat Veo (4) 
and for a 2-phase component system 
Vai=—jVm; Veo=jVme 


Substituting these values in equation 4 


Vin = Vit Ving} V= —jVimi +7V ine; 
jVe Sine, Vine+ Vint (5) 

Adding and subtracting equations 4 
and 5 
2Vini =Vn +iVe (4)-+(S) 
2Vine=Vm—jVc (4)—(5) 
Solving 

V, iV, Vin—JV. 
Vint at ‘. Ving = aia “ 


Since the sequence quantities are non- 
interacting, they may be treated as 
though representing separate motors act- 
ing in opposition. The motor generated 
torque can be expressed as the sum of the 
positive and negative torques 
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MOTOR FPE 25-I1 (eon as 


Rel [le ela i 


——-IDEAL SINE FUNCTIO 


202; 30° 402 50% 60" 702 ‘80° 3902 
CONTROL ANGLE 
T=K-(|h? |I22|Ro/2—s) 


= Ka(|L2|/s—|I22|/2—s) 


where s=slip. For zero speed 


s | Wennil \2 
abt vas aN er 


( FZ.) |= Kel(Vm)*—(Vne}")_ (6) 


For a phase controlled system with equal 
phase voltages: 


V.=Vm[cos K 90°—j sin K 90°] 


where K is the control factor, therefore: 
(-1<K<-+1) 
VintjVm[cos K 90°—j sin K 90°] 


Vin = 2 , 


Vin—jVm {cos K 90° —j sin K 90°] 
Vine =- 2 


Vint =(Wm/2)(1+sin K 90°+j cos K 90°); 
Vin2 =(Wm/2)X(1—sin K 90°—j cos K 90°) 


| Vinr?| =(Vin?/4)((1+ sin K 90° ]?+ 
[eos K 90°]2); | Vinz?| =(Vm?/4) 
({1— sin K 90°]?+ [cos K 90°])? 
Now Thtocrea=KeVm? and substituting 
the sequence voltages in the torque equa- 
tion 


2 
rm Tact | rm [1+sin K 90°]*+ 


Vm? 
[cos K 90°]?)—([1—sin K 90° ]?+ 
[cos K 90°])?] 
ae Tptocked 


[1+2 sin K 90°+sin? K 90°— 
1+2 sin K 90°—sin? K 90°) 


4 


= Tylocked sin K 90° 
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Table Il. 


Motor Impedances* 


Control Phase Angle Phase 2 


Phase 1 


Running Light Impedance 


90° RG 71 7o Od, Raa 
80° £6426%.59., 100 antouse 
TOS. 50,.461022,, 46255. 72.42 
60° .9..54.0°. .43.6..69.6° 
BO Oa eterna 74.0..45.1°..41.6..65.4° 
BOOS pAtateyeretassie 71.5..88.6°..40.6..62.0° 
IE aeainsaeon 62.5..34.2°..40.0..56.4° 
20 ear iment 55.6. .33.5°..40.0..51.4° 
= LOSS ete os 50.0. .35.6°. .41.4. .43.8° 
; Omnis Byes 45.5..42.4°..43.6..40.4° 
Blocked Rotor Impedances 
908 chyna 44,4,.41.0°. .42.5..37° 
S0°t sees 44.4, .41.0°. .42.3..37° 
709 Seaereyae cnet 44,4..41.8°. .42.6..37° 
60° eee AAA EAL O° 43-25 731° 
KU eo raaneur 46.0. .40.5°. .43.5..38.5° 
AOO Merah oo 45.0..41.5°. .44.0. .38.5° 
BOShom ease 45.4. .42.0°. 44.0. .388.5° 
DOS sre eee 45.6..42.5°..43.5..38.4° 
1092s 46.0. .42.5°. .43.6..38.5° 
Ol Fete nan 45.4. .42.5°. 43.5, .38.5° 


*Motor FP-25-3, 20 volts per phase. 


The results indicate that the torque de- 
veloped by the motor at zero speed is a 
sine function of the control quantity. 
The experimental results confirm this. 
Again it must be mentioned that the re- 
sult is for essentially steady state or very 
slowly changing control conditions. Ina 
servo system using a 60-cycle excitation 
frequency, a maximum signal frequency 
of 10 cycles per second is within the above 
assumptions. The loss of information in 
a low excitation frequency system is felt 
in the response to transients which gener- 
ally contain higher frequencies. 

The conclusions reached by the method 
of symmetrical components can be arrived 
at by a study of the actual motor mag- 
netomotive forces. This equation is pre- 
sented in the literature as taken without 
derivation from the Notes of Mr. N. B. 


Nichols.? It is (after linearization) as 
follows: 
d*6) do 
© aaskai 
dBt 
= EE sin wot + “ ) cos wt | 
where 


Tm =motor time constant 
B(t)=arbitrary control voltage (the other 
phase voltage is given by cos wot) 


Rewriting the equation in terms of 
motor torque: 


6 
Im i 2fm X 
: dB(t) dé 
Bt t ae ergese. 
E (t) sin wot+ u °° wt| Fm a 
where 


Jm=motor inertia 
‘m=0T/0n=motor viscous friction 
coefficient 
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pound foot second? aan a) 
pound foot per radian per second 


The right-hand side of the differential 
equation represents the motor generated 
torque. 

It can be seen that the equation con- 
sists of a term that is a function of control 
and a term that is a function of speed. To 
show that the generated torque is a sine 
function of the phase angle (at zero 
speed), assume B(t) equal to cos (@t—¢?). 


B(t) =cos (wst—@); 
(d/dt)B(t) = —wp sin (wot —) 


Ten =2fm [wo cos (wot—) sin wot — 
wo sin (wot—@) cos wot] 
=2fmwo sin [wot—(wt—p)]=KTm sin 


since 


fm =foot pound/radian per second X 
radian /second =constant 


This conclusion is the same as that re- 
corded for the derivation using symmet- 
rical component theory. 

In order to more accurately determine 
the conditions under which the above re- 
lation can be applied the following deri- 
vation has been developed. Figure 7 
shows the relation of the stator magneto- 
motive forces acting in a 2-phase motor. 
The stator magnetomotive force can be 
expressed as follows; 


Magnetomotive force 1 


N,B(t) sin a ampere turns 


Magnetomotive force 2 


N;A cos a t(—cos a) ampere turns 


These expressions can be assumed to 
represent the air gap net magnetomotive 
force if the reaction of rotor currents is 
neglected and the primary voltage drop as 
a result of leakage impedance is assumed 
to remain constant. These two assump- 
tions are consistent with respect to each 
other since the effect of rotor current is 
being neglected compared to the exciting 
current. The impedance tabulated in 
Table II along with the fact that the 
rotor is known to be of high resistance, 
makes the above assumption valid. In- 
spection of the torque versus control 
curves (Figures 4 and 5) indicates that the 
motors do not operate in the saturated re- 
gion since the curves closely fit the ideal 
case. Therefore under the assumption of 
constant permeability the motor flux 
can be written as 


¢=KN;(B(t) sin a—A cos wot cos a) 
lines where K =lines per ampere turns 
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Figure 6. Symmetrical component voltages 
for the two windings of a 2-phase motor _ 


The expression for the motor flux is seen | 
to be a general equation of a rotating 
field (rotation being dependent on the 
phase of B(t)). There will therefore be 
two components of voltage acting around | 

; 
a shorted turn aa’ of the squirrel cage | 


rotor (Figure 7), consisting of speed volt. 
age and a transformer voltage 


er = —d¢/dtX10~8 volts; 
ey =BLVX10- volts 


and since the density B is changing with 
respect to the incremental area con 
sidered 


ey =L(dp/dA)V X10 = 


L 
=z do( Twrotor) 10°§= rwrotor(dp/da) x 
Lda 
1078 volt: 


Now if the units of length are redefinec 
so that r inches is equal to one unit. 
then: 


a= wrotor(dp/da) 10-8 volts 


Therefore the rotor circuit voltage pe 
bar as a function of position (a) is, 


=| (®)x(#2) ho 
cow =| (@)x(#) dat 1078 volts 


where d6y/dt = rotor 


Note that when the actual rotor speed 
d@,/dt equals the stator magnetomotivi 
force synchronous speed, da/dt, the ex 
pression shows that there is no net roto 
voltage to cause current flow. 
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Figure 7. Space diagram for windings of 2- 
phase motor 


KN] wd cos a sin wl +5 B(t) sin «| 
dp , 
Be Ns [A sin @ cos wt+B(t) cos a] 
Of interest is the fact that the differentia- 
tion of the equation for flux automatically 
takes into account the quadrature posi- 
tion of the component of flux generating 
the speed voltage with respect to the 
axis of the component of transformer flux. 
The rotor bar current now can be 
found: 


dé, 
Rit+ee menus = KN;10~ 7 vs 


sin a cos wt+B(t) cos a) — 


: adBtt) . 
wA cos @ sin wot+ a sin a 


This equation does not have a usable 
solution but can be simplified if the rotor 
inductance is neglected. This assumption 
is valid since the rotor resistance is high. 
Actually it is the rotor inductance that 
causes the slight curvature in speed 
torque characteristic. Therefore, the de- 
signer of the induction motor should 
strive for negligible rotor leakage flux 
in order to make the motor a more linear 
device. 

Neglecting rotor inductance 


H KNs107® }d6 cy 
trotor bar = — PRece dt 


(A sin a cos wt+B(t) cos a)— 


; dB(t) . 
woA cos a sin wof+ a sin a 
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If the number of rotor bars is large the 
instantaneous motor torque as a function 
of position with respect to the stator is 
given by: 

dT =coIda foot pounds 


where c=foot pounds per line ampere. 


K Ns)?10-8 
pap ata le [—A cos (a—7/2)X 


R 
cos wot+B(t) sin (a—1/2)]) 
d 
| sin a cos wt+B(t) cos a)— 


© sin «) lie 


d 
(4 COs @ sin wot+ : 


Here the reference for the flux equation 
has been shifted so that the current ele- 
ment will act in the correct field. The 
total motor torque acting at one instant 
of time will be the summation of dT with 
respect to position a. 

Simplifying parts of the above equa- 
tion and integrating with respect to a: 


PART I 


c(KNs)?10~* dé 


Fie 
sf R dt 


| -4 2 cos? wot X 

i wor 
cos («-2) sin a+AB(t) cos aX 
COS wot Cos («-3)+4 B(#)(cos wot) X 


1. 
sin a sin («-)+3% x 


= 7 Je 
cos @ sin\ a— > a 


KN;)?10-8 dé 
7 a =A? cos? wot sin? a— 


sin (2a) 


INA) SS cos wot —AB(t)X 


in (2 
ge a) Cos wot — B*(t) cos? x fie 


a 210-8 i. = 
T= Beatin SL SU [4 2 cos? wot X 
R dt Jo 


; sin (2a) 
sin? a+A B(t) cos Oar 


(2a) 


AB(t) cos wot ria + 


—2c(K Ns)?10~8 
a Se 
R 


at iss sale 22 A? cos? wot+ 
dt (|_2 4 0 


a sin (2a) ; Bit) 
[e+e ee | B Ose cos wot X 


[xs eat 2 ecnssi0“ Hoe x 
0 R 


dp 


B*(t) cos? « lta = 


rape 2 cos? wot + Bt) ] 
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Part II 


c(KNs)?210-8 


dTy= ES cos a X 


a)\ sin (Quant) 
cos(a = ") <a See + 


Tv 


d 
A ui B(t) sin @ cos («-2)x 


COS wot —woA B(t) cos & sin 


d 
(<-2) sin wot— B(t) hs 
. v 
B(t) sin & sin (2) fe 


_o(KNs)*10~* Av, (2 28) 
R 2 


sin (2ept) 
2 
wA B(t) sin wot cos? a+ 


d 
+A it B(t) sin? a cos wt+ 


da 


BW) © BW sn Ca), 


2c(K Ns)*10-* A 
ree St Bee ‘| #2 sin 2a0x 
R we ae 


d 
sin (2a) +A we sin? a cos wof-+ 


oA B(t) sin wot cos? a+ 
Qa 

B(t) © Blt ) a sin Ga), Epa 

2c(K Ns)210-° 


SY vallics 
x 
R b 4 


sin (2wot) + 


d 
Bt) Bw) d 
sin (2a) +47 Bit) x 


sin? a cos wot-t+woA B(t) sin wot X 
2c( K Ns)*1078 f[ A2wo 
cos? ade ~2eNgOn | x 


BOB) 
sin (2erat) ++—F =e x 


2 


[5- Hin Ga)’ wed B(t) sin wot X 


aa ty | 2AM Le 
4 0 R 


Lh wot + aA B(t) sin wt | 


(==322))" +45 Be) cos wot X 


yikes 


The total torque is 


_oKNs)*r10° (2 


R ui Cos wot 


d60 
oB(t) sin wt ba miele cos wot)?-+ 


Bx | toot pounds 
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A dimensional check of this equation can 
be made as follows: 
Consider the constants 
¢ =foot pounds per line ampere, line of flux 
K=line per ampere turn 
N,=stator turns 
R=rotor ohms=volts/amperes=lines per 
second /ampere 
a3 =radians (numeric) 
10~* =numeric 
co K Nj*r10-* 
R 
(line /ampere turn X turn ]* 
1 


Lines per second 


=foot pound/line ampere X 


a10~* =foot pound 


ampere 
second per ampere? (modified units of 


length) 


The dimensions of the entire bracketed 
term can be seen to be (amperes)? (radians 
per second). 


T =foot pound second per ampere? 
{(amperes)*(radians per second) ] = 
foot pound 


The total motor equation now can be 
written: 


dy), dm _ \{ dB(t) 
m~ (| Da =D an 
J. dt? th dt iL dt 


d6 
«B(t) sin wt ba Ls ris 


[((A cos wot)?+ Bt) ] t 
where 
_AKNy)*r10~* 
R 


Jm=motor inertia, pound foot second? 
fm=motor viscous mechanical friction, 
pound foot per radian per second 


D 


The general practice in dealing with the 
mechanical viscous friction is to neglect 
it since it is small compared to the in- 
ternal motor damping term. 
sumption gives: 


This as- 


d% 
In—+D((A cos onl) + BA) | 


™ dt 
dB(t) 
at COS wol 
dO 


D 
+ [A*+A? cos 2unt-+2B%(1)] rie 


2A D| ati + 


B 
2A P| eB SiN wot se cos wt | 


2Im oO ae ee 9 2 as 26 
DA? ap COS Zort-+- At (t) Fie 
4 p dB(t 

AI ext Sin wot-+ oe cos ot | 


Under the statements of the deriva- 
tion, only the exciting current was as- 
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sumed to be flowing in the stator. If the 
exciting impedance is large compared to 
the stator leakage impedance (a fairly 
valid assumption for these motors) the 
exciting currents can be redefined in 
terms of the terminal voltages. 

For the phase controlled case define 
B(£) equal to A cos (wot—¢) 
aB) 


ui =—«A sin (wt—¢) 


Substituting this in the relation 


2Im dO 
ave att [1+cos 2ut-+2 cos? (wot—})]X 
4 
> mer [aA cos (wot —¢) sin wot — 
oA sin (aot—¢) cos ant] 
2Im a6 Z 
ie Gp t 2teos Quot+cos 2(wot—¢)] X 
d6o 3 
— =4oy sin d 


dt 
which represents the total motor equation 
for a phase controlled system. 

The solution of the above equation can 
be readily obtained if the double fre- 
quency terms in the coefficient of d6/dt 
are neglected. This linearization of the 
equation is valid since the period of 9% 
is much greater than that of 2w ot. Hence, 
these terms have an effective average 
value of zero. The equation becomes: 

d%)  d8 
Tm ta, 7K sind 
pound foot second? 


~ (pound foot second /ampere?) 
amperes? 
=second 


where 7,=Jm/DA* the motor time 
constant 


Ky =2u radian per second 


Using the empirical equation 1 and again 
neglecting mechanical viscous friction 
dO) 6T db  5T 


"a in dt bp 
d*% 6T dh 8T 


dt sn dt oy 


™m 
For the phase control equation 3, there 
results 


Jim dy 105 Ke 4 i 
ee ae sin 


K d@ | dt K 
dy dy 
Ge gp 


Ky P 
Ky= K motor velocity constant 


me pound foot 
pound foot per radian per second 


=radian per second 
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me 


yf 
Tae ‘ 
where Tm =X motor time constant 


____ pound foot second? second 
~ pound foot per radian per second 


Summary 

The results of the empirical and analy- 
tical methods are identical. Since the 
motor design data are not always easy to 
obtain, the motor time constant can be 
computed directly from the torque speed 
curve. 

It is interesting to note that the 
motor velocity constant is twice the car- 
rier or excitation frequency. This fact is 
readily proved experimentally providing 
another check on the validity of the motor 
equation derivation. 

The system is thus basically nonlinear 
as shown by the sine function in the 
torque equation. To use this motor with 
phase control in a servo system requires 
that the error (difference between input 
and output of closed loop system) be 
transferred into a directly proportional 
amplified phase shift. The signal then 
applied to the motor must be of the form 
sin Ky (input — Boutput) giving: 

. : 

s aaa = Kg sin K,(6input — 9output) 
where T, is the over-all system time con- 
stant and K, is system velocity con- 
stant. a 

In a practical system employing p 
shift control some means will have to be 
employed to cause the motor to exert 
maximum torque (90-degree phase shift) 
even when the quantity K,(@;—6,) is 
greater than 90 degrees. This is neces- 
sary in order to prevent false zeroes since 
the motor torque decreases when the 
phase shift across its terminals is greater 
than 90 degrees. 

This is probably one of the principal 
disadvantages of a system employing 
phase shift control. Another disadvan- 
tage of the system is that full voltage is 
applied to both motor windings at all 
times regardless of the value of the error 
signal, thus producing more motor heat- 
ing than when employing voltage con- 
trol. 

The nonlinearities have been found not 
to cause trouble in an actual system. 
The major difficulty, however, is to ob- 
tain a stabilized transducing element. 
Another problem is that of power supply 
frequency shift changing phase shifts pres- 
ent in the servo loop. 

It is felt that because of the inherent 
noise suppression characteristics of this 
method of operation, phase controlled in- 
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duction motors will find application in in- 
strument servo work. 
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Slot Discharge Detection Between Coil 
Surfaces and Core of High-Voltage 
Stator Windings 


JOHN S. JOHNSON 
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Synopsis: Basic studies in connection with 
the nature and method of detection of slot 
discharge phenomena in high-voltage stator 
windings are presented. Discharging is 
seen to result from a loss of electrical contact 
between conducting coil surfaces in the slot 
portions and the core. This gives rise to a 
relatively high energy capacitive discharge 
which may seriously degrade basic insula- 
tion if it continues unchecked. The several 
possible methods for detection and location 
of discharge in stator windings were studied. 
The development of the slot discharge 
analyzer is described. This is useful as a 
maintenance tool for the detection and loca- 
tion of slot surface discharging on high- 
voltage machine stator windings. 


HE phenomenon of surface dis- 

charging between conducting coil 
surfaces and core has been observed on 
several high-voltage stator windings in 
the past five years. This phenomenon is 
distinctly different from surface corona 
which may be present in high-voltage end 
windings or internal void ionizations 
which exists to a greater or less extent in 
the internal structure of high-voltage 
machine insulation. There are several 
cases on record where surface discharging 
has in time led to serious degradation and 
eventual failure of the stator coil ground 
insulation. 

It is the purpose of this paper to de- 
scribe the nature of the basic phenomena 
and to report studies in connection with 
the development of detection equipment. 
It is important to detect discharging if it 
exists during routine generator main- 
tenance inspections because corrective 
measures if made in time are usually 
simple, inexpensive and are not time con- 
suming. The discharge analyzer de- 
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scribed in this paper has been used ex- 
tensively in connection with the genera- 
tor maintenance inspection program of 
the manufacturer. It is a relatively 
simple test requiring only a source of a-c 
test voltage of sufficient capacity to 
charge the stator winding under test to its 
normal operating voltage stress. Re- 
ported separately in a companion paper 
by the author and Mead Warren of the 
Aluminum Company of America are 
studies made in an effort to further sim- 
plify the detection problem.! 


Basic Phenomena 


Modern practice in connection with the 
insulation of high-voltage stator windings 
includes the use of a conducting surface 
coating on the slot portions of the stator 
coil insulation. This conducting ma- 
terial is applied to the coil finish tape 
which may be either of fiber glass or some 
other inorganic textile. The intended 
function of the conducting surface treat- 
ment is to relieve the voltage stress on un- 
avoidable air gaps which exist between the 
coil surface and core. Without coil sur- 
face conducting treatments these gaps 
ionize at normal operating voltages with 
resultant corona formation which is gen- 
erally undesirable. Insulated coils are 
built slightly smaller than the finished slot 
size. As coils are wound into the stator, 
mica plate (usually in the range of 0.020 
to 0.030 inch thick) is driven down one 
side of the coil. This coil tightening 
operation makes for a tighter coil fit 
than would otherwise be possible and 
forces the other coil side into good con- 
tact with the slot. This construction is 
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believed to be advantageous in that coils 
may be wound with less likelihood of dam- 
age and a better mechanical fit in the slot 
is assured. It does, however, place the 
entire burden of draining the coil charg- 
ing current on the bottom and one side 
face in the case of bottom coil sides. 
Where an insulating filler strip between 
top and bottom coil sides is used, the en- 
tire charging current of the top coil side 
must be handled by one side face. 

If for any reason electrical contact is 
completely lost between the conducting 
coil surfaces and core, a seriously de- 
structive capacitive discharge results. 
For coil surface resistivities less than 
several hundred thousand ohms per unit 
area no discharge is possible if the resis- 
tive coating is continuous and the coil 
surface makes contact at any point along 
the length of the slot. Complete loss of 
electrical contact with the core is neces- 
sary to give rise to a surface discharge. 

The frequency of occurrence of this 
phenomenon has been low. The first case 
of difficulty was reported after 17 years of 
trouble-free experience since the intro- 
duction of conducting coil finishes. The 
first such experience naturally brings on a 
re-examination of insulation practices 
with the objective of preventing similar 
occurrences on future designs. Design 
and manufacturing changes result which 
take care of the future. In this case a 
conducting coil filler strip was developed 
for use between top and bottom coil 
sides. This provides an additional 
grounding path for top coil sides. No 
difficulty has been encountered due to 
discharges on bottom coil sides. Other 
changes included the development of a 
new varnish type conducting compound 
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and improved methods of applying the 
surface treatment. Also developed were 
improved methods for checking uniform- 
ity of coil tightening operations. As a 
final step in this problem detection equip- 
ment was developed which made it pos- 
sible to make a rather simple test on 
machines in service to determine the ade- 
quacy of the coil surface grounding. 

In the few cases where surface dis- 
charging has been found by this test cor- 
rective measures needed to suppress the 
discharge have been minor in scope. 
However, uncorrected this phenomena in 
time can be severely destructive to the 
major coil insulation. 


Development of Discharge Analyzer 


Detection of discharges which result 
from partial breakdown in nonhomoge- 
nous dielectric materials (such as the com- 
bination of gaseous voids in a solid dielec- 
tric) is possible because of electrical os- 
cillations which result in the circuit com- 
prising the materials under stress and the 
voltage source. 

In the case of high-voltage machine in- 
sulation voids normally exist within the 
internal structure of the insulation. For 
slot discharge detection purposes, it is 
therefore necessary to distinguish be- 
tween electric oscillations which result 
from internal voids and those which re- 
sult from the surface discharge. The 
oscillations resulting from these two 
phenomena would be expected to be dis- 
tinguishable, because the discharge ener- 
gies involved are of an entirely different 
order of magnitude. In the case of the 
slot discharge, the energy would be that 
resulting from all or a substantial part of 
the entire coil side capacitance. In the 
case of the internal voids only the capac- 
itance of an extremely small area would 
be involved. The energy in the dis- 
charge varies as the square of the voltage 
across the gap and directly as the ef- 
fective capacitance at the point of break- 
down. 

Electric oscillations which result from 
the gaseous voids in solid insulation are 
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detectable over a wide range in frequen- 
cies. University of Illinois Experimental 
Station Bulletins? report the results of 
extensive studies on ionization detection 
in cable insulation. For cables with 
ionizable voids, they report that oscilla- 
tions resulting from ionization of this 
type have two components as follows: 


1. Oscillations in the audio-frequency 
range which follow the successive break- 
down and build-up of voltage across the 
voids or air gap. These have the nature of a 
wave train which is repetitive with alterna- 
tions of the applied voltage. The frequency 
and amplitude of these are stated to be 
principally a function of void size, chemical 
and physical factors. 


2. Superimposed on the audio-frequency 
oscillations are damped oscillations in the 
radio-frequency range. The,frequency and 
magnitude of this component are reported 
to depend principally on the constants of the 
test circuit. 


In the development of the discharge 
detector the relative discriminations be- 
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Figure 2. Noise frequency characteristic, 
radio-frequency measurements 


tween surface discharging and internal 
void ionization were studied with both 
radio- and audio-frequency detection 
schemes. It was found that the relative 
discrimination was inherently better at 
audio frequencies. It was further found 
that in the audio-frequency range, in- 
ternal ionization and surface discharging 
had maximum energies at different fre- 
quency ranges. Accordingly, the use of a 
circuit resonant in the frequency range 
where energy from surface discharging 
was high, resulted in corresponding poor 
sensitivity to oscillations resulting from 
internal ionization. 


Tests 
Tests were made in the laboratory using 
test bars wound into a core model. It 


was possible in these tests to make a com- 
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prehensive study of the merits of the | 


several detection schemes. Test bars 
were prepared having low, medium, and 
high surface resistivity. Some were pre- 
pared with poor fill and others with good 
fill of conducting material in the coil 
binder tape. Bars were wound into the 
model according to standard practice, ex- 
cept that their tightness in the slot was 
varied. Bars were studied which were 
tight, loose, and clear of the slot wall on 
the contact face. 

It was found that when there was an 
air gap between coil surface and slot wall 
discharging would occur. When the gap 
was 0.010 inch, discharging occurred at 
test voltages as low as 3 kv. 

Since it was possible to produce or 
eliminate discharging at will by the re- 
moval or application of a ground at one 
point on the coil surfaces, all the bars were 
finally wound in the core with slot mica on 
one side and an air gap of approximately 
0.010 inch on the contact side. Foil 
electrodes to which a ground could be 
applied, were wrapped around the bar, 
just outside of the core. As a further re- 
finement, a micrometer gap was con- 
nected from the grounding foil to core. 
With this gap, the effect of very small 
gaps between the test bar surfaces and 
coil could be studied. Also in studying 
the frequency sensitivity of the various 
audio frequency circuits under considera- 
tion a continuous frequency voltage from 
an audio oscillator was impressed across 
this gap instead of an actual discharge. 
This simulated discharge voltage was 
more controllable than the actual dis- 
charge and consequently facilitated the 
evaluation of the characteristics of the 
circuits investigated. 


Radio-Frequency Studies 


A standard radio noise meter was used 
for all tests in the radio-frequency range. 
The instrument used was a standard 
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Figure 3. Noise frequency characteristic, 
radio-frequency loop antenna measurements 
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] 
‘measuring instrument of high sensitivity, 
indicating values as low as 1 microvolt 
when used as a voltmeter or 1 micrgvolt 
per meter when measuring field strength. 
The noise meter was used in two ways: 


Loop Antenna 


By using \the noise meter with a special 
type loop antenna the field generated by 
discharges within the machine can be de- 
tected and measured. An elongated loop 
was designed which could be inserted in the 
air gap and positioned over the slots of the 
stator windings. The intent of this method 
was to survey the stator coils of a wound 
machine without having to make a physical 
contact with the conducting coil surface. 


Conducted Noise Measurements 


Conducted noise measurements were 
made by coupling the noise meter directly 
to the high-voltage line. As shown in Fig- 
ure 1, a 0.005-microfarad capacitor with a 
_ 600-ohm resistance in series on the ground 
_ side, was connected directly across the high- 
_ voltage line. The noise meter was used to 
measure the high-frequency drop across the 
resistor. 


With either of the above methods, it 
_was found that the energy of the field 
| due to ionization of voids within the in- 
- sulation was picked up as well as the sur- 
face discharges. The curve of Figure 2 
_ shows the variation of conducted noise 
measured at frequencies from 0.16 to 18 
megacycles of low surface resistance bar 
_in the core model. The lower curve is for 
a test bar well tightened in the slot and 
the upper envelope is for the same bar 
loose and discharging to core. For bars 
having higher surface resistance there 
was correspondingly less difference in 
measured noise between the arcing and 
grounded conditions at any frequency. 
Even with the low surface resistance bar, 
at frequencies above 3 megacycles, the 
ionization of internal voids completely 
masks the surface discharging. As shown 
at 160 ke (the lowest frequency at which 
radio noise measurements could be made 
with available equipment), the measured 
noise under arcing conditions is approxi- 
‘mately 10 to 20 times greater than that 
measured when the bar is not discharg- 
With the elongated loop antenna 
placed above the slot containing a test 
bar, similar measurements over the fre- 
quency range were made. The field 
picked up in this manner is a combination 
of the radiated magnetic and electro- 
static fields due to the radio-frequency 
currents within and at the test bar sur- 
face. Results similar to the conducted 
ee coments of Figure 2 were obtained 
using the loop pick-up for low surface re- 
stance test bars. Figure 3 illustrates the 
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noise frequency characteristic determined 
with loop antenna pickup. As was true 
for the conducted measurements bars 
with surface resistivities of the order of 
100,000 ohms per square or higher showed 
only small differences in noise when meas- 
ured “‘arcing”’ and well grounded. 


Audio-Frequency Circuits 


PROBE MEASUREMENT 


Slot discharging was found to be most 
readily detectable with a circuit involving 
the use of a probe which was made to con- 
tact the conducting surface of the coil 
sides. Figure 4 is a schematic diagram of 
the circuit used. As shown, the pickup 
circuit consists of a probe, a capacitor, 
and an inductance. All are connected in 
series and one side of the inductance is 
grounded. Connected across the induct- 
ance are the input terminals of a high 
pass filter (used for blocking 60-cycle 
voltage). A conventional cathode-ray 
oscilloscope is connected across the out- 
put terminals of the filter. With the cir- 
cuit constants used, the pickup circuit is 
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Figure 4. Connections for audio-frequency 
probe measurements 


in series resonance at 2,000 cycles. The 
60-cycle impedance of the pickup circuit 
is 1.3 megohms. The selection of a suit- 
able value of capacitance for the series 
capacitor is determined by two con- 
siderations. 


1. Values of capacitance as small as 0.00005 
microfarad (corresponding to series resonant 
frequency of 10,000 cycles) had adequate 
sensitivity for detecting discharges in the 
model set up. However, the sensitivity in- 
creased with increasing value of series 
capacitance. 

2. Capacitance values greater than 0.005 
microfarad (corresponding to a resonant fre- 
quency of 1,000 cycles) reduced the 60-cycle 
impedance of the pickup circuit to the point 
where it tended to suppress the discharging. 


To check a machine for slot discharging 
by this method, it is necessary to con- 
tact the conducting coating of the indi- 
vidual coil sides of the machine. This 
usually involves removing end bell covers 
to get to the winding. It also involves 
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Figure 5. Schematic diagram of slot dis- 

charge analyzer showing connections for 

making over-all tests on a generator stator 
winding 


the use of a suitable probe. Conduct- 
ing areas within the slot are accessible 
at the vent ducts. On the machines 
tested to date, it has been possible to con- 
tact the coil surface at vent ducts near the 
top of the winding. In general, only top 
coil sides of a machine are accessible. 
This is probably not a serious limitation 
since no evidence of discharging has been 
found on bottom coil sides. 


COMPLETE WINDING MEASUREMENTS 


Figure 5 shows the circuit used for de- 
tection of slot discharging in which test 
connections are made to the machine ter- 
minals. In this case, the constants of the 
pickup circuit are the same as for the 
probe method. The capacitor instead of 
being connected to a probe is connected 
to a machine terminal. As shown, a 
stage of amplification with a tuned paral- 
lel resonant plate circuit is inserted be- 
tween the output terminals of the 60-cycle 
filter and the input to the oscilloscope. 
The plate circuit is tuned to the same fre- 
quency (2,000 cycles) as the pickup cir- 
cuit. This additional filtering improves 
the relative sensitivity between surface 
discharging and internal ionization. 

The detection of surface discharges by 
coupling through capacitance to machine 
terminals is more difficult because the de- 
tectable discharge voltage is reduced in 
the ratio of the coils which are discharg- 
ing to those which are in good contact. 
In the case of a generator with one coil 
side out of 800 discharging, the detectable 
discharge voltage at the machine ter- 
minals is reduced by 800 times. It is 
therefore necessary to provide more am- 
plification to detect the discharge voltage. 
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Also amplified are the higher frequency 
oscillations produced by internal ioniza- 
tion of all the coil sides in the winding. 
The use of the amplifier -with tuned plate 
circuit provides the necessary increased 
selectivity. Also shown in Figure 5 is a 
calibrating circuit. The circuit is a capac- 
itor-resistance network which simulates 
a coil side in a slot. With this circuit a 
discharge can be produced which simu- 
lates a coil side discharging in a slot. The 
calibrating circuit is connected in parallel 
with the winding under test. The gain of 
the oscilloscope is adjusted so that when 


the calibrating circuit is discharging the 


magnitude of the disturbance trace on the 
lf the disturb- 


ance trace substantially disappears when 


screen is several inches. 


the discharge from the calibrating circuit 
is stopped it is concluded that no coil 
sides in the machine are discharging. 


Test Experience 


When used for complete winding checks 
the analyzer is limited in the following 
respects: 


1. The discharge voltage at the machine 
terminals in general is a fraction of a volt. 
Considering that the applied voltage is of 
the order of 8 kv it is apparent that the dis- 
turbance voltage is a small percentage of the 
applied voltage. The presence of high 
harmonics in the test source which limit the 
sensitivity of the device is possible. This 
effect can be minimized by the use of a suit- 
able line filter. 


2. While it is possible to build a filter which 
is effective for steady-state disturbances, it 
is very difficult to filter out high-frequency 
transient disturbances, which arise in con- 
nection with the operation of bell alarms, 
welders, et cetera. It therefore is essential 
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CALIBRATING CIRCULT GROUNDED 


CALIBRATING CIRCUIT DISCHARGING 


Figure 6. Results of a slot discharge detec- 
tion test on a turbine generator stator. Test 
voltage 8 kv 


to ascertain whether the disturbance voltage 
is originating in the machine under test. 
One possible check in this connection is to 
substitute a high-voltage capacitor for the 
machine under test and observe change in 
disturbance if any. 


3. Some discharges have been observed 
which were found to be of an intermittent 


nature. It is therefore necessary to make 
several observations of reasonably long 
duration. 


Techniques and equipment have been 
developed which have overcome these 


Figure 7 (left). 
Slot discharge 
analyzer 


Figure 8 (right). 
Slot discharge 
test on a turbine 
generator stator 


Johnson—Slot Discharge Detection 


limitations. Complete winding tests 
give dependable indication of the pres 
ence or absence of discharge phenomena. 
Probe tests should be necessary only for 
location of affected coil sides when the 
complete winding test indicates the pres- 
ence of discharging. An improved line 
filter has been developed and has proved 
satisfactory. In making tests in the field” 
it has been found that local conditions 

vary and are somewhat unpredictable. 

Also it is not always practical or necessary 

to completely isolate the winding under 

test. In making field tests, when dis- 

turbance voltage is detected, check meas- 

urements should be made to definitely 

establish that the machine insulation is 

responsible for the disturbance. It has 

been found helpful in this connection to 

substitute a high voltage capacitor (0.5 

microfarad) for the machine insulation 

under test. If the disturbance disap- 

pears the machine insulation or associated 

wiring and equipment (potential trans- 

formers, leads to potential transformers, 

or lightning arresters), should be investi- 

gated. 

When the analyzer is used for making 
probe tests, the only limitation appears 
to be the problem of contacting the con- 
ducting coil surface with a suitable probe. 
In this connectiona low-voltage ohmmeter 
is useful for checking to be certain that 
the probe is actually contacting the con- 
ducting material. The ohmmeter checks 
are made before test voltage is applied to 
the winding. 

Figure 6 shows a typical oscilloscope 
trace obtained during a test on a large 
stator winding. As shown the trace with 
the calibrating circuit not discharging is 
small compared to that obtained with the 
calibrating circuit discharging. In general 
when the trace obtained under normal 
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_ conditions is 30 per cent or less than with 


the calibrating circuit discharging, the 


_ winding is considered to be discharge free. 
| This residual trace is that conducted in 
from the source of test voltage. 
“magnitude of this residual is the prin- 


The 


cipal limitation to the sensitivity of the 


_ analyzer. \\Figures 7 and 8 are the an- 
_alyzer and equipment being used to test 
a large hydrogen cooled stator winding. 


| Summary 


A sound preventive maintenance pro- 
gram for any type of electric equipment 


| is most effectively achieved when there is 
_ an understanding of the potential sources 


of trouble which may be in need of ad- 


_ justment, repair, or replacement. Knowl- 


edge of the potential trouble sources is 


gained by experience and intelligent anal- 
ysis of the performance record of the 
equipment involved. In the case of high 
voltage generators the exceptionally fine 
performance record makes it necessary to 
examine the performance of relatively 
large numbers of machines to get a good 
perspective to the potentialities for dis- 
tress. 

In a complex piece of equipment such as 
a large generator, it is seldom if ever pos- 
sible to develop a single test which gives 
a complete and accurate picture of the in- 
sulation conditions of the various com- 
ponents. It has been found possible, how- 
ever, to further the cause of diagnostic 
testing on these machines by developing 
several tests each of which are directed 
toward detecting particular types of 
trouble which experience has shown are 
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possible. Slot discharge detection tech- 
niques are an example of this particular 
type of test. It is a single purpose in- 
strument designed specifically for use in 
detection and location of discharging be- 
tween conducting coil surfaces and slots 
in high-voltage stator windings. 
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Detection of Slot Discharges in High- 
Voltage Stator Windings During 
Operation 


JOHN S. JOHNSON 
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Synopsis: A modified slot discharge detec- 
tion method, which permits tests without 
shutting down the machine or using aux- 
iliary high-voltage test equipment, was in- 
vestigated. The method involves connec- 
tion of frequency sensitive equipment across 
all or part of the neutral impedance. Tests 
on eight vertical water wheel generators in 
the range of 20,000- to 40,000-kva capacity 
indicate that the method is generally appli- 
cable when there is a current transformer or 
some other impedance in the generator 
neutral. 


Review 


LOT discharge is a result of poor con- 

tact between the conducting surface 
on a generator coil and the stator iron. 
Discharges of this nature can be very 
severe because of the high current in- 
volved and can cause serious damage to 
the coil insulation. If permitted to con- 
tinue, small pin holes or craters will de- 
velop in the insulation because of the de- 
hydration of the mica. Eventually this 
will result in failure of the coil. 


Basic work on slot discharge detection 
has shown that this disturbance is most 
readily detectable in the audio-frequency 
range. Fundamentally the problem is one 
of discriminating between the disturbance 
created by the surface discharging and 
that created by other effects such as in- 
ternal void ionization, end winding sur- 
face corona on the machine under test, 
and residual harmonics or other disturb- 
ance existing in the test voltage. The 
sensitivity of any detection scheme is 
limited by the level of residual disturb- 
ance and the ability to isolate the dis- 
charge disturbance from the residual. 
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In the use of the slot discharge analyzer 
either for probing or detection, the test 
voltage is supplied from an external 
source. The testing transformer usually 
is effective in filtering out much of the re- 
sidual source disturbance. When this is 
not the case, it is always possible to use a 
line filter to accomplish this objective. 

The purpose of the present work is an 
attempt to further simplify the detection 
problem. It was believed that on those 
machines having current transformers or 
some other impedance in the generator 
neutral there exists the possibility of de- 
tecting slot discharging by connecting 
frequency sensitive circuits across gen- 
erator neutral impedance. With this 
method it was recognized that it is not 
possible to separate source harmonics 
(which in this case is the generator it- 
self) from the disturbance due to surface 
discharging. 


Machine Harmonics 


In the range of magnitudes of interest 
(extremely small values), machine har- 
monics may be the result of a number of 
factors difficult to calculate or control. 
The principal harmonic of interest is the 
slot harmonic. 

The order of this harmonic is approxi- 
mately equal to the number of slots per 
pair of poles. Harmonics of this slot fre- 
quency are also possible. Other har- 
monics are possible because of the inter- 
action between the stator slots and the 
damper winding. Also, the accuracy of 
field pole spacing and other causes may 
influence the machine harmonics. 

In the design of machines, the prin- 
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cipal concern in connection with these 
higher harmonic frequencies is to meet or 
come well within telephone interference 
or influence factor limits. This factor is 
the ratio of the square root of the sum of 
the squares of the weighted values of har- | 
monic components to the rms value of the © 
wave. When the machines meet these 
limits, the exact magnitude and frequen- ~ 
cies of these very small harmonics have © 
not received much attention. 


Sensitivity Determination 


The only alternative in connection with — 
this method of slot discharge detection is — 
to explore the frequency spectrum and ~ 
find a frequency or frequency band where 
residual harmonics are small compared to 
the disturbance caused by surface dis- 
charging. 

For an effective test, it is believed that 
the residual should be in the range of 1/5 
to 1/10 of the smallest possible disturb- 
ance caused by slot discharging. This — 
minimum disturbance would be that re- 
sulting from one discharging coil side in 
the machine winding. 


In order to check the sensitivity or dis- 
crimination of the various filters in the 
test, it was necessary to produce a cali- 
brating signal equal in magnitude to the 
minimum discharge disturbance. In- | 
sulated test bars simulating coils were © 
used for this purpose. The bars were 54 
inches long. The central 30 inches of the — 
bars were prepared with a conducting — 
surface finish similar to that used on high- 
voltage stator coils. The several bars 
were prepared with resistivities in the 
normal, moderately high, and extremely 
high range of surface resistivities. Sheet — 
metal cells 26 inches long simulating 


stator coil slots were made. The test 
: | 
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its were assembled in the cells but in- 
slated from the cells so that a small air 
-p existed between the conducting coil 
‘face and the grounded metal cell 
imulating conditions which give rise of 
»t discharging). A small adjustable gap 
4s connected between conducting coil 


‘rface and the grounded cell. When 
lis gap opening was made small (0.001 to 
(005 inch), the discharge voltage from 
nil surface to ground was limited to ap- 
-oximately the minimum sparking po- 
ntial. 

‘Closing the gap entirely grounded 
1e coil surface and suppressed the dis- 
larging. The test bars were succes- 
vely connected to a machine terminal, 
epending on the coil surface resistivity 
esired. So connected, the bar producing 
1e calibrating signal was at the greatest 
ossible distance from the detection point 
che neutral). It was therefore possible to 
sproduce discharge disturbance smaller 
aan would be produced by a single coil 
de (coil side slot portions were generally 
ger than the test bars) having either 
ormal or high surface resistance. The 
ast set up for producing the calibrating 
ignal is illustrated in Figure 1. 


Jetection Circuits 


The detection circuits studied con- 
isted of a series of single frequency, high- 
ass and band-pass filters used in com- 
ination with a cathode ray oscilloscope. 
igure 2 is a diagram of test connections 
nd also lists and characteristics of the 
Iters used. As shown, the input ter- 
jinals of the filters were connected across 
portion of the impedance plus 1/8 or 1/9 
{ the neutral resistance. For the machine 
tudies, the neutral resistance was in the 
ange of 40 to 80 ohms. Tests were also 
jade by connecting only across the pri- 
lary of the neutral current transformer. 
‘he output of the filters was observed 
ith a cathode-ray oscilloscope. Output 
nd input resistances of the filters were 
00,000 and 1,000 ohms respectively. 
‘he input level of the filters was 8 volts. 
‘he voltage gain of the filters was ap- 
roximately 15 decibels in the pass band 
r at the tuned frequency in the case of 
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Figure 1 (left). 
Test set-up for 
producing cali- 


brating signal 


the single-frequency filters. The cutoff 
for all the filters was relatively sharp, 
being 45 decibels per 0.5 octave. 


Tests 


Of the eight machines tested, three 
were 40,000-kva 13.8-cv 150-rpm vertical 
water wheel generators at one location; 
37,500 kva, 6.6 kv, 164 rpm at another; 
and four 20,000-kva 13.8-kv 1711/.rpm 
machines at another powerhouse. Re- 
sidual harmonics were measured with 
each of the filters. Tests were made with 
the machines on the line under various 
conditions of loading from no load to full 
load on each machine type. Tests also 
were made with all filters on machines of 
each type running but not connected to 
the line. The residual was measured on 
each machine with the 4 to 10—ke band- 
pass filter. The relative sensitivity of the 
filters to residual harmonics and the slot 
discharge calibrating signal was ob- 
served. The relative sensitivity as a func- 
tion of normal and moderately high coil 
surface resistance and for a strong and 
very minute discharge was determined on 
each machine type using all filter com- 
binations. 
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Figure 2. Discharge detection circuit filters 
used: 1,046-cycle single frequency, 1,568- 
cycle single frequency; 2,349-cycle single 
frequency; 3,520-cycle single frequency; 
2,500-cycle high pass; 2,500-4,000-cycle 
band pass; 4,000 - 10,000-cycle band pass 


Results 


The results of the tests are outlined in 
Tables I and Il. Briefly these may be 
summarized as follows: 


1. It was found that the residual dis- 
turbance when the machine was on the 
line was high for any filter and that the 
surface discharge was undetectable under 
these conditions. One curious condition 
noted in this connection was that while 
the big jump in residual occurs when the 
machine was connected to the line, a fur- 
ther increase of between 3 and 5 to 1 oc- 
curred in going from no load to full load. 
The reason for this change with load is not 
apparent. To further explore this, two 


machines were paralleled (not connected 
to the line) and loaded up to rating with 
leading and lagging kilovolt amperes re- 
spectively. 


In this case there was no 
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Sensitivity tests of discharge detection circuits 
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Table Il. Residuals Measured for — 
Generators with 4- to 10-Ke Band-Pass Fi 


Discharge—Disturbance ae 
Filter Output, Maximum Millivolts, 
Residual Voltage—No Discharge Double Amplitude, Generator Isolated Full Load, No Load, 
Filter Output, Maximum Millivolts, Double Low Surface High Surface Generator Millivolts Millivolts Milliy 
Amplitude Resistance Resistance 
Quar- Per Cent Per Cent 
Full Half ter No Generator Milli- Residual Milli- Residual Calderwood 1... 2.2). 5 .:0..ghene ete Boe. 
Filter Used Load Load Load Load Isolated volts Discharge volts Discharge - was pe Sane ae eer os 
Cehoah Ltrs S82. eee te esd 
Number 3 Generator, Calderwood é ae ce neces) aie 
PO4Bicy cles vere. a)<re sletslonis)a/oiryors wyavatewicislfer sy 0\0hs) shslesleye ote 348.0 OBO nara 91.0 ae 
LISS S ICS a (Fi Gauche IPR IAA tar CP ODIE OCOD Che COTO Galtho. Dio 81.0 6S eae 50.0 Peek byt; act ara 
SEO ICV CIES He, scurite gis: «: eragete Iazevave al orater var av eben ele inte terstalersge ie 81.0 ASO. Aare or 62.0 0. SB SSS SES la 
BV id (4 (rt Ha a OEM AMID CIGD Goose oreancion tno PAY Fete cs 40... <4 30.0 
QAD=KC ISH Hass pyakichie stele is cterete siclAdie rere rerheteeer oe el eisiaielin W420 pas ace B22 eases 33.0 
2.5 to 4—ke band pass. 20... cei e ace cc gens ein wees 174.0 oO ye aie 62.0 ; , . 
4 to 10-ke band pass... .580....425. PLDs Loon se) LaeG, TAG nae 8.6.. Sites 14.5 simple method of detecting slot dis har 
Number 5 Generator, Cheoah with the unit running normally is des 
TO4G Cy les snc siaia ait sisisiaelsistoksseastai ot eresteenn ekeds sie sisurslel aie ta Sig mr lostacahe G4se ae 91.0 
Lise Bicyeless. at: nccrs eee one ea era: Oo mee ree Pee 67.0 able. ; 7 
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difference in residual with change in 
stator amperes. 

2. When the machines were off the 
line, the residual harmonics were found to 
be small compared tothe calibrating signal 
for several of the filters. The 4 to 10- 
ke band-pass filter was found to be most 
effective. For this filter, the residual was 
in the range of 2 to 10 per cent of the dis- 
charge calibrating signal for the machine 
tested. Figure 3 illustrates the difference 
in disturbance between the residual and 
the discharge signal for the three machine 
types using the 4 to 10-ke band pass filter. 
In comparing these pictures consideration 
should be given to the difference in oscil- 
loscope deflection sensitivity for the two 
conditions of test. 
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3. As would be expected, coil surface 
resistivities and the magnitude of the 
discharge voltage have an effect on the 
magnitude of the detectable discharge 
signal. Discharges were found to be defi- 
nitely detectable for normal and moder- 
ately high surface resistivities with very 
minute discharge potentials. Based on 
the tests, it is estimated the discharging 
with surface resistivities up to several 
hundred thousand ohms per square would 
be detectable. 


Summary 
Slot discharge, if permitted to con- 


tinue, will eventually damage insulation 
to the point where failure will occur. A 
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of an unusual amount of noise on the | 
time of tests. 


2. The 4 to 10-kc band-pass filter was show! 
to have the greatest sensitivity for disch 
detection by this method. 


3. It is believed that this method is genet | 
ally applicable to machines which are no 
solidly grounded at the neutral. It wa) 
found that the disturbance was detecta 
by connecting across the primary of the 
tral current transformers. 


4. Where applicable, this method repre | 
sents a definite test simplification since 
not necessary to shut the machine down ¢ | 
provide an external source of test volt 
Another possible advantage is that no 
machine vibrations incident with machin | 
operation are present during the test. 
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N A previous paper,! the authors ex- 
plained the use of equivalent trans- 
ission line circuits to represent the 
apedance of a-c machine conductors and 
sinted out that such equivalent circuits 
nd themselves to a quick solution by 
h easurements on a network analyzer. 
xtensive and tedious calculations for de- 
‘rmination of conductor impedances, es- 
ecially when these conductors are of odd 
dapes, are thereby avoided. A recent 
aper by John F. H. Douglas,” also sug- 


In this paper it is shown that the im- 
edance-frequency characteristics of com- 
licated conductor and slot shapes can be 
etermined with acceptable accuracy 
sing a relatively simple network. The 
ecuracy of the network method is tested 
m rectangular, T- and I-shaped con- 
luctors because a good analytical solution 
s known for these shapes. 


The Elementary Network Section 


_A special type of elementary network 
ection, Figure 1, is chosen since it gives 
xact values of inductance and resistance 
is the frequency approaches zero. A 
: circuit or a Pi circuit might also be 
The tee circuit, however, yields 
zh values of d-c inductance and the Pi 
suit yields low values of d-c inductance. 
three types of circuits will give exact 


51-369, recommended by the AIEE Rotating 
inery Committee and approved by the AIEE 
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ASSOCIATE MEMBER AIEE 


values of d-c resistance. Table I gives 
the equivalent inductance when the 
equivalent circuit is divided into a number 
of elementary sections: 

The elementary network section of 
Figure 1 may be used to represent an in- 
crement of the rotor conductor and slot. 
The R of the network section is equal to 
the resistance of 1-foot length of the con- 
ductor increment and the LZ of the ele- 
mentary network is equal to 47x10~° 
henrys times the permeance across the 
slot increment per foot length of slot. 
Example calculations of L and R are 
given in the determination of the equiv- 
alent networks for the various bar 
shapes. 


Network Solution for a Rectangular 
Conductor 


Analytical solutions and network meas- 
urements are compared for a rectangular 
aluminum bar 1.5-inches deep and 0.3- 
inch wide. A resistivity of 21.2 ohms 
per circular mil foot is used for the alu- 
minum. It is assumed that the conductor 
completely fills the slot. The total in- 
ductance of the slot is equal to the in- 
ductance of a small wire at the bottom of 
the slot, thus 


ne, a, & he timeter of stack 
=—— X— henry per cen 
ses Pa A A 
length 
or 
4r 1.5 
Ly; =— X— X2.54X12=1.918x10 
= 7990.3 


henrys/foot length 


For network measurements, circuit 
components of the above small magni- 
tudes are not readily available. There- 
fore, both L and R are multiplied by 107 
for convenience in arranging the network. 
Since the Q of the inductor units is better 
at higher frequencies, measurements are 
made with frequency X10 and inductance 
LX0.1. After these multiplying factors 
have been included the constants for the 
network are, 


Rin = 370 ohms 
Iyn=1,918 millihenrys 


The network sections used correspond to 
Figure 1. Test data are obtained for an 
elementary network of 1, 2, 3, and 4 sec- 
tions over a test frequency range of 50 to 
3,000 cycles. This corresponds to the 
frequency-impedance characteristics of 
the conductor over a frequency range of 
5 to 300 cycles per second. The test data 
is compared with calculated values in 
Figure 2 and Figure 3. The calculated 
values are determined from the equation 


1 | et eS 
=F WV/V,zZ, ctnh VW ViZ (1) 
1 
where 
1 _ 108 


Y, =—_—=> 
1 R, 


Z, =j2afL, = 12.03f X10-* /90° ohm/foot 


WV V,Z, =V/0.325f /45° 


Solutions for a T-Shaped Conductor 


08 0 
ee mho/foot 


Analytical solutions and network meas- 
urements are compared for a T-bar com- 
posed of a rectangular bottom section 
0.3-inch wide and 1.5-inches deep and a 
rectangular top section 0.1-inch wide and 
0.4-inch deep. Since the bottom section is 
the same as the rectangular bar discussed 


Table | 


Equivalent Inductance 
Type of 1 2 3 4 


nical Program Committee for presentation at Section Section Sections Sections Sections 
> AIEE Fall General Meeting, ee roe The resistance of the bar is 

tober 22-26, 1951. Manuscript submitted June : f f 
; made available for printing September 12, 3 te Cen 0.500 L..0.750 L..1.055 .1.375 L 
Ria Ohare ee Ol Lee Bi gas ee 0.250 L. .0.624 L..0.973 L..1.313 L 
. 1,500 X 300 X 4/4 Figure 1....0.333 L..0.667 L..1.000 L..1.333 L 
yS. Base and J. E. Wiitams are both with the Correct L..0.333 L. .0.667 L..1.000 L..1.333.L 

Jniversity of Illinois, Urbana, III. ohms/foot length 
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Figure 1. 


Elementary network sections. 
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Figure 2. Comparison of measured with calculated resistance for a rectangular conductor using 
2, 3, and 4 network sections 
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Figure 3. Comparison of measured with calculated reactance for a rectangular conductor using 
2, 3, and 4 network sections 


in the preceding paragraph, the network 
for that part will again be arranged using 
R of 370 ohms and L of 1,918 millihenrys. 
The total inductance of the top section 
of the slot 


L _4n de : 
2= 10° W, henry per centimeter length of 
stack 
or 
2002 


Iya oe 


0. 01 54X12 = 1.534 10-5 


henry /foot length 


and the resistance of the top section is 


R.=21.2 X =416 10-5 


1 
100X400 X4/x 
ohm /foot length 


Using the multipliers for I, Thy, Phare 
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/j 
frequency as in the previous case for 
rectangular conductor, the constants 
the network which represent the top por. 
tion of the T-section are, 


Ron = 4,160 ohms 
Lon = 1,534 millihenrys 


Four elementary network sections 
the type shown in Figure 1 were used 
represent the top part of the T-bar. 
bottom part of the T-bar was representei 
by two elementary network sections. 
These six network sections required 
decade inductors and 12 decade resistor | 
The settings of these circuit component 
starting with the meter end of the circtti 
are listed in Table II. | 

The input impedance-frequency 1 
acteristic of this circuit is measured ove 
a frequency range of 50 to 3,000 cycles pe | 
second. This corresponds to the impet 
ance-frequency characteristic of the T-ba | 
over the frequency range of 5 to 30 
cycles per second. The measured value 
of T-bar resistance and reactance frot 
this data are plotted as a function of fr 
quency in Figure 4. ; 

Calculations of the T-bar resistance an | 
reactance for various values of frequenc 
are made by the method of reference | | 
A transmission line representing the | 
section is terminated by the impedance 
the bottom section. Then in the tran) 
mission line equations ‘ 


Fr=IrZa q 


where Z, is the impedance of the hotter 
section. 


y= to Za cosh WV ¥,Z,+ 
2 sion TZ | 
Y; | 

Is= cosh VViki+ 
Viz. sinh V¥z| 


The input impedance, Zz, of the T-bar : | 
then equal to | 


_Za cosh¥ Y2Z. +-V Z2/ Ve sinh V Y.Zo 
cosh WV Volo+WV Vo] Zo Za sah V/ YoZq. 


(S 
Dividing both numerator and denom 
nator by coshV Y2Z2 gives | 
yn ZAM Za) Va tains V Yoke « 


14+Z4V ¥o/Zx tanh VW Yo2Z 


The calculated values of resistance an 
reactance as plotted in Figure 4area Te 


AIEE TRANSACTION’ 
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| Table Il. 


Inductor and Resistor Settings for a 
T-Bar and an I-Bar 


T-Bar I-Bar 
Induc- Induct- 
tance, Resist- ance, Resist- 
Unit Milli- ance, Milli- ance, 
No. henrys Ohms henrys Ohms 
Hered e/stc Jb 00) 306 BSS GASES PY So ons 22,200 
EMRIs Leiv, Gia e!S)xiciy. e's: bis, oiv-ee a 96.45. 4 22,200 
Mingo 0 AA a ee aS nue 22,200 
Osdoodcd AOS eee eee 962500... 22,200 
BF hereta Biase is CAr. <6 Be), LOO einen SS ioc laas. 33,280 
Bolan) 2 SEM a Fh in 33,280...... ZOO cise « 33,280 
Oo Se eee BB leave, « 33,280. sf) hex 2S Haste 33,280 
So id s.5, 8 CEN a 33,280...... 2505, cis 33,280 
(2), Sth aeaate 2S ere. sees ese 2S ucea: 33,280 
BOM «5. aDG) ae 52 33,280...... 206 =. sas 33,280 
25) TB eer 33,280...... PA. pean 33,280 
Behe © era dre 715) eee 33,280...... BOO sae er 33,280 
Pies craves: sz- 274 D480 items 2 224..... 1,480 
ASB aiainc, » i ae 280) sc aay 639)... 1,480 
OS aiatte ed's BHO % M4808 Es, BLO ve 1,480 
OES Rare GSO is» W480 ais Susi G39). dates 1,480 


_ sult of application of the above method 


as calculated for numerous values of fre- 
quency. 

Although each elementary network 
section has three inductor units, as shown 


in Figure 1, the tabulation shown in 


Table II combines the last inductance of a 
given section with the first inductance of 
the following section. For example, 
Unit 7 for the T-Bar is 64 plus 64 or 128 
millihenrys; or Unit 13 is 64 plus 159.5 or 
224 millihenrys. 


Solutions for an I-Shaped 
Conductor 


Addition of another rectangular section 
on the T-shaped bar gives an I-shaped 
bar. The new section used at the top of 
the I-bar has a width of .2-inch and a 
depth of 0.15-inch. The total inductance 
of the added section is 


eee henry per centimeter length of 
stack 
or 
aor OF 25412 = 0.2875 X10- 
10° 0.20 
henry /foot 


and the resistance of the added section is 


R3 =21.2X =555X 1075 


150 X 200 X4/m 
ohms/foot 


Using the same multipliers on R, L, and 
frequency as in the two previous cases the 
constants for the network representing 
the top section of the I-bar are, 


Rn = 5,550 ohms 
Lsn = 287.5 millihenrys 


Two elementary sections were used to 
represent the top part of the I-bar. Four 
decade inductors and four decade re- 
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Figure 4. Resistance and reactance characteristics for a T-shaped conductor 
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Figure 5. Resistance and reactance characteristics for an I-shaped conductor (middle sec- 
tion 0.4-inch deep) 


sistors are needed in addition to those 
used for the T-bar. The settings of the 
decade inductors and resistors for the I- 
bar network are included in Table II 
where they may be compared with the 
settings for the T-bar. Measured results 
for this network are plotted in Figure 5. 
Calculations of the I-bar resistance and 
reactance for numerous values of fre- 
quency are made by an extension of the 
method used on the T-bar. The imped- 
ance, Z;, of the I-bar may be computed 
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with the use of the equation 


Zz Ze+V Lal Y; tanh WV Ves (7) 
— ——— 

14+ZeV ¥;/Zstanh WVZ; 
where Zz, is the T-bar impedance at the 
particular frequency, and 


1 
VAS = JO 

3 R; 
Zs=2nfL; /90° 


The calculated curves of Figure 5 are a 
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Figure 6. Resistance and reactance characteristics for an I-shaped conductor (middle sec- 
tion 0.1-inch deep) 


result of applying the above method for 
numerous values of frequency. Figure 
6 shows similar curves of calculated and 
measured values with the middle section 
of the I-bar 0.1-inch deep. 


Further Application of the Network 
Method 


The network used to represent a given 
conductor and slot may easily be adjusted 
to determine the effects of changing di- 
mensions or shapes. 

For example, if two of the four network 
sections representing the middle or neck 
section of the I-bar are removed the net- 
work corresponds to an I-bar with middle 
section 0.2-inch deep. If three of the net- 
work sections are removed, the remaining 
network corresponds to an I-bar with a 
middle section 0.l-inch deep. The re- 
sistance versus frequency curves plotted 
on Figure 7 were determined from meas- 
urements on the corresponding networks. 

Figure 8 is a group of resistance-fre- 
quency curves determined from network 
measurements for conductors of various 
shapes, All conductors shown have the 
same area as the rectangular bar of Figure 
2. 


Measurement Method 


The block diagram of Figure 9 in- 
dicates the method used to measure the 
impedance of the various networks dis- 


The output of an external generator 
having a frequency range from 20 to 
20,000 cycles per second was applied to 
the Z-angle meter. The impedance mag- 
nitude and phase angle of the network 
were read on the Z-angle meter. To 
hold on-frequency, lissajous figures were 
observed on an oscilloscope by comparison 
of frequencies from the external generator 


400 


RESISTANCE X10 ° OHMS 


60 


6 
FREQUENCY 


1) 
and a standard 1,000-cycle-per-second 
oscillator. 


Refinements in the Application 
the Network Method 


In the solution of all the conduc 
shapes discussed in this paper it was as- 
sumed that lines of force are parallel 
across the slot and that the condu 
may be represented by a number of 
rectangular parts. The authors believe 
these assumptions satisfactory for T- and 
I-shapes and also for trapezoids with a 
small angle of taper. 

Professor Douglas has shown in ref- 
erence 2 that the above assumptions lead 
to considerable error for some conductor 
shapes such as circular shapes and trape- 
zoidal conductors with a large angle of 
taper, and suggests that greater accuracy 
is obtained by subdividing the slot into 
areas bounded by lines of force which 
may be obtained originally by field map- 
ping. The network method of this paper 
may be applied on the basis of Professor 
Douglas’ division of the slot. The ZL and 
R of the various network sections may be 
chosen on the basis of the Douglas slot 
divisions and impedance-frequency char- 


acteristics of the conductor determined by — 


measurements on the network. 


An Alternate Network Arrangement 
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Figure 7. Effect of depth of middle section on resistance characteristics of an I-shaped con- — 


cussed in previous sections of this paper. ductor 
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Figure 9. Block diagram of measuring circuit 
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' could be used instead of the one applied 
in this paper. Near perfect capacitors 
are more easily realized than near perfect 
inductors. To convert the network sec- 
tion of Figure 1 to one of resistors and 
capacitors, multiply the original circuit 
elements by 1/jw which permits the use of 
resistors in place of inductors and capac- 
itors in place of resistors. This conver- 


Figure 8. Effect of conductor shape on resistance characteristics. 
(measured values only) 


All conductors have the 


of 


NETWORK 


sion assuming NV equal unity is illus- 
trated in Figure 10. All measured im- 
pedances on the circuit are then multi- 
plied by jw to obtain the corresponding 
conductor impedance. 


Conclusions 


This paper illustrates a simple and 
practical method for determining fre- 
quency-impedance characteristics of vari- 
ous conductor sizes and shapes. The 


largest and most complicated shape is ac- 
curately represented to 300 cycles per 
second by ten network sections. Fewer 
network sections would be required for 
smaller and less complicated conductor 
shapes. 

It is of interest to note that the fre- 
quency to which a conductor is accurately 
represented by elementary network sec- 
tions, increases as the square of the 
number of sections used. Precise results 
are obtained near zero frequency regard- 
less of the number of network sections 
applied. 
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Discussion 


John F. H. Douglas (Marquette University, 
_ Milwaukee, Wis.): In securing high start- 
ing torques with low locked rotor currents, 
the rotor bar shown in Figure 5 of the paper 
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seems to offer superior characteristics, in 
that the resistance is larger than the react- 
ance. Thus it appears that a given starting 
performance can be secured with a less vol- 
ume of active material. 

Figure 8 of the paper conclusively proves 
the trapezoidal bar with the narrow section 
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near the surface is superior to the coffin-bar, 
or the rectangular bar. Attention should be 
called to the fact (not shown in the paper) 
that the reactance of this bar is larger than 
its resistance at starting. Thus while an 
excellent bar shape, its use might require 
some extra stacking of laminations. 
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Standard Temperatures of Reference for 


Efficiency Calculations 


P. L. ALGER ‘ 


FELLOW AIEE 


RESENT AIEE and American 

Standards Association standards re- 
quire that in calculating the efficiency of 
electric machines and transformers the 
I?R losses shall be calculated for a wind- 
ing temperature of 75 degrees centigrade. 
The question has arisen whether this ref- 
erence temperature should be changed 
in the revised standards now under con- 
sideration, in view of the marked dif- 
ferences in operating temperature as- 
sociated with the A, B, and H classes of 
insulation. 

After reviewing the factors that must 
be considered in choosing this reference 
temperature—simplicity, fairness in com- 
paring alternative designs, and true rep- 
resentation of operating conditions—the 
conclusion is reached that the standards 
should be revised; making the reference 
temperature for efficiency calculations 75, 
100, and 140 degrees centigrade for 
typical Class-A, Class-B, and Class-H in- 
sulated machines, respectively. As an 
alternative, it is proposed that the ref- 
erence temperature for efficiency calcula- 
tions be 20 degrees centigrade plus the 
guaranteed temperature rise by the re- 
sistance or embedded detector method. 
This agrees with the above for normal 
Class-B and Class-H insulated machines. 

It is proposed to retain the present pro- 
vision in the Test Code for Polyphase In- 
duction Machines,! that the reference 
temperature for the windings of machines 
whose efficiency is directly measured, as 
for small motors, shall be equal to 25 de- 
grees centigrade plus the observed tem- 
perature rise. 

As early as 1908, AIEE standards re- 
quired that the calculated efficiency 
values for electric machines and trans- 
formers be based on a normal ambient of 
25 degrees centigrade plus the actual tem- 


2006 


perature rise of the windings as found by 
test or estimated. In 1914, however, the 
standards were changed to require that 
all temperatures for efficiency calculations 
be corrected to 75 degrees centigrade 
winding temperature, and this provision 
has been in effect ever since. 

The question has arisen whether this 
reference temperature should be changed 
in the revised standards now under con- 
sideration, in view of the marked dif- 
ferences in operating temperature as- 
sociated with the A, B, and H classes of 
insulation. 

The resistance of copper at a tempera- 
ture T degrees centigrade, in terms of its 
value at 25 degrees centigrade, is: 


Rr= [(234.5+ T)/(234.5+25) |Ros 


For example, if Ro; is taken as unity, the 
resistance at 75 degrees centigrade is 
1.19, at 100 degrees is 1.29, and at 140 
degrees is 1.44. 

There are three factors to be con- 
sidered in choosing the reference tem- 
perature: simplicity, fairness in com- 
paring alternative designs, and true rep- 
resentation of operating conditions. 

The present AIEE Test Code for Poly- 
phase Induction Machines provides that, 
when the efficiency is directly measured, 
the test efficiency be corrected to a stand- 
ard ambient temperature of 25 degrees 
centigrade. It also implies that the same 
procedure be followed for machines whose 
efficiency is calculated from separately 
measured losses, even though the actual 
temperature rise of the winding is not de- 
termined by test. These rules make the 
reference temperature of the windings 
equal to 25 degrees centigrade, plus the 
observed temperature rise, which is dif- 
ferent at each load. This procedure gives 
truly comparable values for different 
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machines, and it closely accords with 
operating conditions. 

It is, therefore, proposed that these pro- | 
visions be accepted as standard practice | 
for machines whose efficiency is directly | 
where the efficiency is determined from | ' 
load tests. In this latter case, it is much | 
simpler, and appears preferable, to as- 
sume a fixed reference temperature for all | 
loads, rather than estimating the part). 
load temperatures without direct test | 
formation. 

Where the efficiency is calculated soil 
separately measured losses, as for trans- 
formers and all large machines except ing 
duction machines, the standards require | 
that the J?R losses be calculated for a 
winding temperature of 75 degrees centi- 
grade, regardless of load. This procedure 
is very simple, and it gives a fair com- | 
parison of alternative designs having the | 
same temperature rise. In view of the | 
long standing of this practice, there is 
good reason to question the need of any | 
change. When the losses are separately 
stated, it is a simple matter to calculate | 
the change in copper loss due to any dif- | 
ference between the expected and the ref- | 
erence temperature; and for these cases | 
the 75-degree centigrade value may well | 
be retained. 

However, when the efficiency or the | 
total losses are given as a single number, | 
the use of 75-degree centigrade reference | 
temperature does not give a fair compari- | 
son between machines with widely dif- | 
ferent temperature rises, nor does it ac- | 
curately represent operating conditions | 
for high temperature machines. It is | 
proposed, therefore, that a higher ref- 
erence temperature be adopted for those | 
machines having a considerably higher 
than usual temperature rise, as machines | 
with Class-H insulation, and that the 
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ine value be retained at all loads for any 
ren machine. 
The temperatures chosen should be 
‘rly representative of the normal oper- 
fr g temperatures at rated load. For the 
xe of simplicity, these should be based 
6 a normal ambient temperature, which 
ny be taken\ as 25 degrees centigrade. 
te question is, then, to choose the most 
table reference temperatures for the 
. B, and H classes of insulation, which 
2 normally assigned limiting values of 
bn perature rise (by the resistance 
thod of measurement) equal to 60, 
», and 120 degrees centigrade. 
Typical machines will have actual tem- 
rature rises somewhat lower than these 
niting values, say 50, 75, and 115 de- 
es centigrade. A temperature rise of 
j degrees, rather than 55 degrees, is 
‘ken as normal for Class-A insulation, 
} recognition of the large numbers of 
jass-A insulated machines, such as gen- 
al-purpose motors, which have a 40-de- 
lee centigrade rating, corresponding to 
)}-degree rise by resistance. This leads 
| the conclusion that the most suitable 
| ference temperatures are equal to the 
yrmal ambient, 25 degrees, plus these 
‘pical rises, or 20 degrees plus the guar- 
‘ateed temperature rise. That is: 75 
bgrees for Class-A insulation, 100 for 


sulation. 

There will be cases where a machine is 
asigned for a Class-A temperature rise, 
en though it is built with Class-B 
lation; and the question thus arises 
hether the reference temperature in the 
‘a ndards should be fixed by the insula- 
on class alone, as above indicated, or by 


the temperature rise stated in the design 
guarantees. There are cases also where 
machines having the same insulation 
class, but of different types or for different 
applications, have considerably different 
temperature rise values in normal opera- 
tion. Likewise, there are many cases 
where a machine has different insulation 
classes and different temperature guaran- 
tees on different windings or parts of a 
given winding. Finally, there are cases 
of machines whose temperature rises are 
measured by thermometer only, these val- 
ues being considerably different from 
those found by the resistance or the 
embedded detector method. 

No one answer can be best for all of 
these conditions. It is, therefore, recom- 
mended that the final choice of reference 
temperature be left for independent deci- 
sion by those who are responsible for 
different standards for the various types 
of machine, with the suggestion that the 
selection be made from one of the fol- 
lowing five alternative plans, where the 
reference copper temperature to be as- 
sumed in making efficiency calculations 
shall be: 


I. For machines whose efficiency is 
directly measured, as for small motors, 
the reference temperature of the windings 
shall be 25 degrees centigrade plus the ob- 
served temperature rise (different for each 
load). 

II. For machines whose efficiency is 
calculated from the separate losses: 

(1). The reference temperature of the 
windings shall be 75 degrees centigrade. 
This is the present rule. It is recom- 


mended for all machines designed for a tem- 
perature rise at the rating of 65 degrees centi- 


grade by resistance or less. It also may 
continue to be used for those machines for 
which the losses are separately tabulated, 
enabling the correction for a change in 
copper temperature to be readily made. 


(2). The reference temperature of the 
windings shall be 100 degrees centigrade. 


This rule is recommended for all machines 
designed for a temperature rise at the rating 
of more than 65 degrees centigrade, up to 
and including 90 degrees centigrade, by 
the resistance or the embedded detector 
method. 


(3). The reference temperature of the 
windings shall be 140 degrees centigrade. 


This rule is recommended for all machines 
designed for a temperature rise at the rating 
of more than 90 degrees centigrade by the re- 
sistance or the embedded detector method. 


(4). The reference temperature of the 
windings shall be 20 degrees centigrade 
plus the guaranteed temperature rise at 
the rating. 

This rule is an alternative to 2 and 3 above. 


It agrees with them for the usually specified 
Class-B and Class-H temperature rises. 


It is believed that all of the require- 
ments for the standards for rotating elec- 
tric machines and transformers will be 
covered by adopting one or other of the 
above five proposals. They are offered 
here for the purpose of eliciting alterna- 
tive suggestions and discussion, in the 
hope that, if any changes are made from 
the present rules, they will be as simple 
and as uniform as possible. 
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Selection of the Electric Motors for 
Oil Well Beam Pumping 


J. N. POORE : 


NONMEMBER AIEE 


T IS a well-known fact that sometime 
during the producing life of an oil well, 
it is necessary to apply artificial means of 
lifting the oil from the well. There are 
many ways in which artificial lift is ap- 
plied to produce oil from the well, but 
there are five methods generally in use 
today. These are: 


1. Beam pumping of individual wells. 

2. Central power pumping of the wells in 
groups. 

3. Gas lift. 

4. Centrifugal bottom hole pumping. 

5. Hydraulic bottom hole pumping. 


Beam pumping of individual wells is 
used in about 90 per cent of the cases 
where artificial lift is applied. It is the 
purpose of this paper to: 


1. Describe the action of beam pumping. 


2. Discuss the conditions affecting the 
application of electric power to beam pump- 
ing. 

3. Describe the types of motors available 
for this type of service. 


4. Introduce a formula for estimating the 
necessary electrical horsepower required to 
produce oil by beam pumping methods. 


5. Discuss the characteristics of the various 
types of electric motors applied to this 
method of pumping. 


6. Describe tests conducted with the vari- 
ous types of motors used for beam pumping. 


Description of Beam or 
Sucker Rod Pumping 


The beam or sucker rod method of 
pumping consists of a single-acting re- 
ciprocating pump located at the bottom 
of the well and actuated by means of a 
string of sucker rods which are raised and 
lowered by some external means at the 
surface. The surface means may be a 
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walking beam actuated by a connecting 
rod connected to a crank on a gear reduc- 
tion unit. The gear reduction unit is 
usually connected by a V-belt drive to the 
prime mover whether it be an electric 
motor or an engine. 


Pumping speeds vary widely. In most 
cases they range from 15 to 25 strokes per 
minute. Pumping units operating in this 
range or higher normally use a double 
reduction gear unit on the pump itself. 
When the pumping speed is under 10 to 12 
strokes per minute, it is usually called 
slow motion pumping and usually a single 
reduction gear unit is utilized on such 
pumping units. 

In those wells where it is necessary to 
pump considerable quantities of water 
along with the oil, it is often necessary to 
pump at high speeds up to 35 strokes per 
minute. 

Figure 1 shows a typical beam pumping 
installation with an electric motor pro- 
viding the motive power to drive the 
pumping unit. 


Electric Motors for Beam Pumping 


It is common practice today to utilize 
the squirrel-cage induction motor to 
drive a beam pumping unit. This motor 
offers the simplest, most inexpensive type 
of electric motor. The motor is used with 
a cross-the-line starter and, therefore, the 
simplicity of the squirrel cage motor and 
its control and the high operating effi- 
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ciency of such equipment has resulted | 
its being almost exclusively used in #1} 
single-rated single-speed type. ' 

It is necessary that the electric mot 
have sufficient starting torque to bre! 
away the load and accelerate it. 4 
motor must be of such mechanical 
struction that it may be safely utili 
outdoors with adequate protection fr 
the weather. It must have suffices 
horsepower capacity to pump con n 
ously the peculiar cyclic pumping loa | 
The squirrel-cage induction motor w 
meets these requirements. | 

Because it is possible to automatical | 
control the pumping period by means 
time switch, it is doubly important that | 
motor have sufficient torque to brei| 
away and accelerate the load. The | 
matic feature obtained by means of | 
time switch on oil well pumping mea | 
that the unit will be started and stopp | 
and restarted at predetermined periods | 
time on a repeat cycle without al 
pumper being available to perform t 
actual starting and stopping of the mot¢ 
This automatic operation must be pe) 
sible in all types of weather conditions ai | 
under the starting loads imposed by t | 
particular well with which itis used. _ 


With double reduction pumping uni! 
the most widely used motor is the 6-pc j 
1,200-rpm motor. This speed motor | 
easily adapted through the proper a} 
plication of the sheave on the motor she | 
to provide pumping speeds in the range 
15 to 25 or 30 strokes per minute with 


Typical electrified oil well bei 
pumping installation 


Figure 1. 
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CURVE A- NORMAL STARTING TORQUE 
NORMAL SLIP MOTOR 


CURVE B- HIGH STARTING TORQUE 
NORMAL SLIP MOTOR 


CURVE C- HIGH STARTING TORQUE 
HIGH SLIP MOTOR 
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juble reduction unit. If a single reduc- 
pn unit is utilized, it is often necessary 
| resort to a lower speed motor, usually 
le 8-pole 900-rpm motor. 


ypes of Electric Motors 


There are three types of squirrel-cage 
otors normally considered for oil well 
umping. 

‘These three types, well defined as 
) torque and current characteristics by 
1¢ National Electrical Manufacturers 
ssociation (NEMA), are 


Normal starting torque, normal-slip 
otor, NEMA classification Design B. 


High starting torque, normal-slip motor, 
EMA classification Design C. 
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Figure 2 (left). Speed-torque characteristics of three types 
of motors used for oil well beam pumping 


Figure 4 (above). Estimated characteristics for medium- 
slip (5 to 8 per cent) high starting torque motor used for oil 


3. High starting torque, medium and high- 
slip motors, NEMA classification Design D. 


The normal starting torque motor is 
rarely used today on most oil well pump- 
ing applications involving an automatic 
control. The prime reason for its not 
being used is that the starting torque 
usually is only of the order of 150 per cent 
of fullload torque. This per cent of start- 
ing torque is rather small to provide ab- 
solute assurance that the motor will start 
the load and accelerate it under all con- 
ditions. This motor might be used where 


the motor is manually started by an oper- 
ator each time so that if it were necessary 
to “rock” the pumping unit in order to 
get it started because of the lack of suf- 
ficient starting torque, the operator would 


eo 
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Figure 3 (left). 
Estimated charac- 
teristics for nor- 
mal-slip (3 per 
cent) high. start-. 
ing torque motor 
used for oil well 
beam pumping 


Figure 5 (right). 
Estimated — char- 
acteristics for 
high-slip (8 to 
13 per cent) 
high starting 
torque motor 
used for oil well 
beam pumping 
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be available to perform this- function. 
Since the advent of automatic operation 
where motors start and stop without 
operator attendance, it is not usually ad- 
visable to use the normal starting torque 
motor for this type of service. Normal 
starting torque motors are used in loca- 
tions such as California, where there is no 
cyclic pumping and somewhat oversized 
motors are used because of changing well 
conditions. 


The high starting torque, normal-slip 
motors are by far the most widely used for 
oil well pumping applications. The high 
starting torque, normal-slip motor has a 
starting torque of approximately 250 per 
cent of full-load torque and has proven 
adequate to start motors on pumping 
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service in all localities under all weather 
conditions. It has been accepted by all 
users of electric motors in the oil industry 
as the more or less standard oil well pump- 
ing motor and has proved consistently 
over years of operation to be quite ade- 
quate and satisfactory for this applica- 
tion. 

The high starting torque, medium and 
high-slip motor has a definite application 
on certain types of wells or under certain 
“operating conditions. It is primarily 
helpful in reducing current peaks when 
electric power for the motors is provided 
by a small lease generating plant. It is 
also helpful in minimizing the current 
peaks on wells having high strokes per 
minute operation such as on wells where a 
high water to oil ratio is prevalent. 

There exists today somewhat of a mis- 
understanding as to what constitutes a 
high-slip motor. There are in existence 
today two motors normally termed high 
slip by NEMA classification. These two 
high-slip type motors are one having a slip 
of from 5 to 8 per cent and the other hav- 
ing a slip of from 8 to 13 per cent. In 
order to differentiate between these two 
types of motors, the author has termed 
the 5 to 8 per cent as a medium-slip motor 
and the 8 to 13 per cent slip motor as a 
high-slip motor. (In NEMA standards, 
any motor with more than 5 per cent slip 
is termed a high-slip motor, Design D.) 

On the normal duty cycle of a beam 
pumping unit, there are two power peaks 
on each pumping stroke, one when the 
rods and oil are lifted and the other when 
the counterweights are lifted. It is pos- 
sible, unless certain precautions are taken, 
for the power peaks on a number of wells 
on a particular lease to sometimes coin- 
cide. The result is an extremely high 
power demand from the power source. 
As mentioned before, if this power source 
is a small lease generating plant, then 
difficulties might be encountered with 
voltage regulation. If the power is ob- 
tained from a utility power company, 
this, of course, is not as serious since most 
utility power companies’ systems are 
backed up by a large system capacity. 

One common method applied by many 
operators is to vary the sheave diameter 
on the driving motor by a very small frac- 
tion for the various wells ona lease. Such 
a practice considerably reduces the possi- 
bility of all motor power peaks coinciding, 

Because the medium and high-slip 
motors slow down some as the peak load 
comes on, the motor allows energy to be 
stored in the rotating parts of the rig 
and motor to help carry the peak load. 
Some operators desire this type of motor 
for the cushioning effect on the power sys- 
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tem resulting from this speed variation. 
Cushioning of mechanical shock in this 
manner will be obtained only if the aver- 
age strokes per minute are allowed to drop 
correspondingly, and even then the ef- 
fect will be small. If the average strokes 
per minute are allowed to drop, this will 
probably decrease the production from the 
well. Normal practice is to use different 
V-belt drive ratios for high-slip and nor- 
mal-slip motors so as to obtain the same 
pumping speed in either case. Under 
these circumstances there is no material 
difference in mechanical-shock load and 
the only cushioning effect is that obtained 
in the electric input to the motor. 

Figure 2 shows the speed-torque char- 
acteristics of the three types of motors 
just discussed. Figures 3, 4, and 5 show 
the efficiency and power factor of the 
three types of motors discussed. A com- 
parison of actual operating character- 
istics from actual tests are discussed later 
in the article for the high-torque, normal- 
slip, medium-slip, and high-slip motors. 


Triple-Rated Motors 


In a great many of our oil fields today, 
the gradual encroachment of water into 
the oil producing zone, with the conse- 
quent necessity for lifting large volumes 
of water in order to obtain maximum oil 
production, has brought about the con- 
sideration and use of triple-rated motors 
insomeinstances. The triple-rated motor 
gets its name from the fact that the in- 
ternal connections of the motor windings 
are brought out through the terminal box 
so that they may be externally connected 
in one of three different ways to obtain a 
high, a middle, or a low horsepower rat- 
ing at a single speed. The triple-rated 
motor is advantageous primarily where it 
is known and anticipated that water en- 
croachment will be gradual over a period 
of time and the operator desires to place 
an electric motor on his pumping unit that 
will adequately serve his present as well 
as future needs. In some instances the 
operator would purchase the motor in a 
size that would normally take care of his 
requirements during maximum load con- 
ditions and would reconnect it for the 
lower or middle horsepower rating to take 
care of his present horsepower require- 
ments. The advantage he gains from 
doing so is primarily an increase in power 
factor and efficiency for the motor operat- 
ing on the lower or middle horsepower 
rating when the load requirements are 
smaller than the final requirement will be. 
Triple-rated motors are available in most 
of the commonly-used sizes of oil well 
pumping motors. 
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Triple-rated motors must be 
wound motors to start with. 
motors are internally wound at the fact 
for delta connection and others are wo 
for Y connection. There are argume 
both pro and con by motor designers ast | 
which type of internal motor connectio 
provides the most acceptable and ect 
nomical type of motors to build. This re 
sults in some motors of the same ratin 
being delta connected and others Y cot 
nected even by the same motor manuia 
turer. For triple-rated motors the it 
ternal winding connection must be delt | 
connected for the larger horsepower fal 
ings in order to allow for reconnection t 
one of the other two lower horsepowe | 
ratings. q 

Figure 6 gives the characteristics ¢ 
triple-rated motors showing particular | 
how the efficiencies and power factors at 
improved by going to the smaller hors(_ 
power ratings when the load requirement | 
are small. Another way to improve th 
power factor is to use capacitors cor 
nected at each single-rated motor. | 


Motor Enclosures 


There are three types of motor 
closures available for oil well pumpin 
service. The three types of motor et | 
closures are: (| | 


1. Open drip-proof, 40-degree cnt : 
temperature rise motor. } 


2. Splash-proof, 50-degree centigrade tem 
perature rise motor. | 


3. Totally enclosed-fan-cooled, es | 
centigrade rise motor. 
| 
Practically all oil well pumping equif 
ment is operated out of doors without pre 
tection from the weather. It was an 
still is common practice for manufacturer 
to recommend the totally enclosed- far 
cooled motor for outdoor service. The 0} 
industry itself, 15 or more years age 
fostered the use of the splash-proof typ 
of construction, mainly because of th 
lower first cost for this type of equipment 
The splash-proof motor stood up so re 
markably well for outdoor service, it be 
came more or less the standard type o 
motor enclosure to be used for oil wel 
pumping service. About five years age 
due to improvement in motor design bot 
in mechanical construction and insula 
tion, the drip-proof motor was introduce} 
for oil well pumping. It was felt by th 
motor manufacturer that wherever it 
particular splash-proof motor would oper 
ate satisfactorily, the same motor manu 
facturer’s drip-proof motor would operat 
equally as well. In the 5-year period sine 
the drip-proof motor first became avail 
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Figure 6. 


able for oil well pumping service, several 


thousand have been installed. The re- 
liable performance of this motor has justi- 
fied the manufacturer’s confidence in it 


| and has led other motor manufacturers to 


introduce their drip-proof motors for this 


"type of service. 


The open drip-proof type motor has 


| been used only in those areas and locali- 


ties where the splash-proof motor has 


| proven satisfactory in the past. In those 
_ areas, particularly along the Gulf Coast 


where salt-laden air is injurious to motor 


windings, the totally enclosed-fan-cooled 


t 
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motor has become somewhat the stand- 


ard. 

In areas where heavy snows intro- 
duce severe weather hazards, totally 
enclosed-fan-cooled motors outdoors or 
drip-proof motors in ‘‘dog houses’’ are 
sometimes used. 

In practically no instance has it been 
necessary to resort to the totally enclosed- 
fan-cooled explosion-proof type of motor 
for oil well pumping service primarily be- 
cause the well is capped when the motor is 
operating, and the motor is shut down 
when the well is open and the gas might 
possibly escape. 

Figures 7, 8, and 9 show the three types 
of motor enclosures available for oil well 
pumping service. 


Single Phase Oil Well Pumping 
Motors 


It is normally recommended that when- 
ever possible the 3-phase motor be used 
for oil well pumping service. Because the 
oil producer does not select the site of his 
oil well to coincide with the availability of 
3-phase electric power, it is sometimes 
necessary for the producer to use single- 
phase power, usually from a Rural Elec- 
trification Administration system. In 


such instances, it is necessary to use single 
phase motors. Since most single-phase 
power systems are designed prima- 
rily for lighting and fractional horse- 
power motor service, the capacity of the 
single phase line usually limits the size of 
the single phase motors to a maximum 
size of 71/2 horsepower. Most Rural 
Electrification Administration systems 
will not allow motors larger than 5 horse- 
power to be installed on their systems 
without special consent. P 

Single-phase high starting torque, 440- 
volt or 220-volt motors in either the drip- 
proof, splash-proof, or totally enclosed- 
fan-cooled construction are available for 
this type of service. The same conditions 
with regard to break-away torque and 
accelerating torque that were true for 3- 
phase motors equally apply to single- 
phase motors. 

Single-phase motors for the same 
horsepower size naturally carry a higher 
current than the corresponding 3-phase 
motor, and consequently larger control 
equipment is necessary. Also, the single- 
phase motor of the same horsepower rat- 


Figure 7. View of drip-proof type of motor 
used for oil well beam pumping 
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Estimated characteristics of a triple-rated high starting torque normal-slip (3 per cent) motor used for oil well beam pumping 


ing as its 3-phase counterpart is consider- 
ably more expensive in first cost. 
Single-phase motors of the capacitor- 
start, induction-run type are normally ap- 
plied for oil well pumping service. A 
centrifugal-type switch or voltage re- 
sponsive relay in the motor provides for 
cutting out the capacitor and starting 
winding when the motor reaches full 
speed. Figure 10 shows typical charac- 
teristics of the single-phase motor. 


Determination of 
Motor Horsepower 


The conditions which govern the 
horsepower required to pump a well are 
many and varied. A few of the more im- 
portant factors are as follows: 


Amount of fluid to be lifted. 

Length of pumping period in hours. 
Depth of pump in well. 

Specific gravity and viscosity of fluid. 
Size of pump. 

Length of stroke and strokes per minute. 
Weight of rods. 

Existence of paraffin. 

Possible water encroachment. 


SOL CONES CU CONS 


No two oil wells are exactly alike. Well 
conditions not only vary from one well to 


Figure 8. View of splash-proof type of 
motor used for oil well beam pumping 
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another but from one field to another and 
one locality to another. Because this fact 
is true, each well and local condition sur- 
rounding it must be taken into account in 
arriving at the necessary horsepower re- 
quired to pump it. 

Calculating the horsepower required 
is at-best.a rough approximation which 
must be substantiated by tests at the 
polished rod or at the motor as soon as 
possible. 

The motor horsepower required to 
pump an oil well is composed of three 
main components. These components 
are: 


1. Hydraulic horsepower. 
2. Friction horsepower. 
8. Motor heating factor. 


To arrive at the estimated motor horse- 
power rating, the following formula is 
suggested: 


Motor horsepower rating = 
(Hydraulic horsepower) + (friction horse- 
power at polished rod) 
Mechanical efficiency of pumping unit X 
motor heating factor 


Other formulas for estimating the 
motor horsepower rating are also in use, 
but any formula must recognize all of the 
factors shown in the above formula. A 
discussion of the components of the pre- 
ceding formula will help to understand 
better the evolution of the formula. 


Hydraulic Horsepower 


Hydraulic horsepower is a measure of 
the rate of fluid production, the net fluid 
head on the pump, and the specific gravity 
of the fluid in the tubing. It may be ex- 
pressed as follows: 


Hydraulic horsepower = 
(Barrels per day) X42 8.33 X specific 
gravity X (depth in feet) 
(Hours pumped daily) X60 33,000 


where: 


42 =gallons per barrel 
8.33 = pounds per gallon of water 
60 = minutes per hour 
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Figure 9 (left). Wiew of 

totally | enclosed-fan-cooled 

type of motor used for oil 
well beam pumping 


Figure 10 (right). Speed- 

torque characteristics of high 

starting torque single-phase 

motors used for oil well beam fe) 
pumping 
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33,000 =feet-pounds per minute per horse- 
power 

Specific gravity=1.0 fors pure water and 
somewhat less for mixture of oil and 
water (0.95 is a good average value) 


Barrels per day of fluid may be calculated 
as follows: 


Barrels per day = 


3.1416 R?XLXS*X (hours pumped 
daily) X60 X0.75 


23142 
where: 


R=radius of pump plunger in inches 

L=effective length of stroke in inches 

S=strokes per minute 

60=minutes per hour 

0.75=assumed volumetric efficiency of the 
pump 

231=cubic inches per gallon 

42 = gallons per barrel 


Friction Horsepower at 
Polished Rod 


This component of the rated motor 
horsepower represents the work required 
to lift the weight of rods plus any friction 
of the pump itself. A suggested formula 
for estimating this friction horsepower is 
as follows: 


Friction horsepower at polished rod = 
(weight of rods in pounds) X (stroke in 
inches) X (strokes: per-minute) 
1,600,000 


where 1,600,000 is an empirical factor ar- 
rived at from hundreds of polished rod 
dynamometer cards which were taken 
on all types of wells, pumping at various 


speeds and under varying subsurface con- 
ditions. 


Mechanical Efficiency of 
Pumping Unit 


The value of 93 per cent mechanical 
efficiency of the pumping unit is based on 
a 3 per cent loss in the V-belts between 
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loss in the walking beam, pitman and | 
sampson post and 2 per cent loss in the 
double reduction gears. These various 
losses are representative of modern de- | 
signed pumping units and are an im- | 
provement over older designs. § 


; 
Motor Heating Factor i 
The rating of an electric motor is based _ 
on a permissible temperature rise. The | 
temperature rise is a function of the losses. | 
The current-resistance losses are an im-_| 
portant part of the motor losses. These a | 
losses in a motor vary as the square of the 
current. Motor heating is, therefore, a 
function of the rms value of the motor 
current. : 
The peculiar cyclic variation of motor 
current on an oil well beam pump is due | 
to the up and down strokes of the rodsand | 
counterweights. The current value of the — 
motor will hit a peak value twice during © 
one complete pumping cycle. These peak © 
values of current as well as the current | 
values over the complete pumping cycle 
must be taken into account in calculating 
the rms or heating value of the motor cur-_ 
rent. ; 
The pumping load carried by the motor | 
is proportional. to the average motor line — 
current. In order to compensate for the. 
higher rms heating current obtained be-_ 
cause of the cyclic current peaks a motor 
heating factor is used. This motor heat- — 
ing factor will be slightly different for _ 
normal-slip motors as compared to me- | 
dium or high-slip motors since the peak — 
current values in the latter motors are 
somewhat less. 
For normal-slip motors a motor heating 
factor of 0.7 is used for splash-proof and | 
totally-enclosed motors and a factor of 
0.8 is used for drip-proof motors. The | 
drip-proof motor is a 40-degree tempera- 
ture rise motor, and therefore has 15 per 
cent additional thermal capacity in it as 
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Table |. Test Results on Three Types of 


Motors Used on Same Well for Oil Well 
Pumping Service 


Test Number 1 2 3 4 
Moto1 horsepower. . . LO Oo LOR 10 
No load speed....... 1,200. .1,200..1,200. .1,200 
Full load speed Fares: 1,160..1,140..1,080. .1,080 
Slip, per centii...... 3.33. DS 10 10 
Rated full load am- 

BATES are ce ofote d fe ochre: s Tas 28.Den) 2.2... 13.2 
WOMAZl. ieee ese ee 440.. 440 440 440 
Maximum starting 

Barrent. ti... 10, Osada 4... 69.9... 72.9 
Maximum starting 

BOUL ADEN Gieisty oc 'o'0 450 450 456 456 
Length of starting 

periods, cycles.... 119.. 147.. 127.. 156 

| Peak rms running 
MePCuIrent ss ..|....-.. 36.8.. 27.8.. 24.8. .28.45 
| Minimum running 
| (GLE 480.. 474.. 486.. 468 
Rms peak am- 
peres to full 
load amperes, 
| Dercentivaiewas., 20%. 206.. (189,. 216 
| Wattmeter maxi- 
mum peak........ 5.64.. 4.8.. 4.56 
Watt meter true 
PI EAUEh ye ass) arevsie-v's.0 3 6.48.. 6.00.. 6.00 
_ Calculated effective 
_ rms heating am- 

BIGGS PNG sis iss eee My Glore, (Os So% « 8.03) 
_ Effective rms heat- 

ing amperes to 

full load amperes, 

SP IGENE hi... 81.2.. 65.4.. 60.8 

_ Kilowatts from 
| watthour meter...2.332.. 3.54..2.545.. 2.88 
Length of one com- 

plete stroke in 

VOLO Am pies <4'= si ihe Slee LO.) 179 
Length of one com- 

plete stroke in 

BECONS:\. urea sss 2.9.. 3.12,..3.183..2.985 
Strokes per minute 

calculated from 

a) OS ae 20.7. .19.25..18.84.. 20.1 
Barrels fluid pro- 

duced per day..... 827..304.5.. 298.. 318 
Kilowatt hours per 

barrel fluid........ 0.171..0.279. .0.205. .0.217 


a. Test number 3 made with 12-inch sheave on 
motor. 

b. Test number 4 made with 13-inch sheave on 
motor to get well strokes/minute and fluid produc- 
tion approximately equal to other test motors. 


compared to the other two types. The 
0.8 factor for drip-proof motors takes into 
account the additional thermal capacity 
available. 

The suggested formula for estimating 
the rated motor horsepower is, of course, 
subject to variation due to peculiar con- 
ditions of a particular well. Judgment 
and experience must be depended upon to 
supplement the calculations and to inter- 
pret them in terms of probable future 
conditions. 

After an electric motor has been ap- 
plied to a pumping unit, it is possible to 
quite accurately check the actual horse- 

“power requirement. A watthour meter 
affords an accurate determination of the 
average motor horsepower provided the 
well is properly counterbalanced to elim- 
‘inate any periods of power regeneration. 
‘The following formula can be used to de- 
termine the rated horsepower if the kilo- 
watt-hours are known 
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Graphic illustration of the variation in motor current and voltage over one 


complete pumping cycle for normal-slip medium-slip and high-slip motor as used on oil 
well beam pumping 


Motor horsepower rating = 


Kilowatt-hours consumed X 1.1 
Hours of test X motor heating factor 


where motor heating factor=0.7 for 
splash-proof and totally-enclosed fan- 
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cooled motors, and 0.8 for drip-proof 
motors. 

There 1.1 factor converts the average 
input kilowatts to average horsepower as- 


suming 82 per cent motor efficiency. 
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Well Pumping Tests 


A short time ago a number of tests were 
made on an oil well pumping installation 
to determine some of the actual operating 
characteristics of three types of motors. 
A normal-slip, high starting torque motor; 
a medium-slip, high starting torque 
motor; and a high-slip, high starting 
torque motor were tested on the same well 
and under the same operating condi- 
tions. 

Oscillographic charts were run to com- 
pare the variation in motor current peaks 
for the various per cent slip motors. Re- 
cording wattmeters gave a record of the 
kilowatt consumption and its variation 
for the three types of motors. A kilo- 
watt-hour meter checked the amount and 
variation of kilowatt-hours under the 
three different motor slips. 

The tabulated data taken from these 
tests are shown in Table I. 

Figure 11 shows a graphic illustration 
of the variation in motor current over one 
complete pumping cycle for the normal, 
medium, and high-slip motors. 

A recording of the power requirements 
for the three types of motors is shown in 
Figure 12. Included on these curves is an 
indication of the true power peak for each 
motor. The true power peak value was 
obtained by holding the stylus of the re- 
cording wattmeter at the very maximum 
value it would reach at each peak point. 
This was done to eliminate the damping 
effect of the recording meter. 

Referring to Table I, several interesting 
facts can be seen. The starting current 
as well as peak running currents decline 
as the per cent slip of the motor increases. 
It takes somewhat longer for the motor 
to get up to speed as the slip is increased 
and it also requires a longer period of time 
to complete one pumping cycle as the 
motor slip is increased. This is under- 
standable since one effect of the motor 
slip is to cause a reduction in speed as the 
load increases. This reduction in speed 


Figure 12. Recording watt- F-7 
meter curves of input power > 
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causes the strokes per minute of the pump 
to decrease resulting in slightly lower 
barrels per-day production. This, of 
course, can be corrected by increasing the 
size of the motor driving sheave. Test 4 
on Table I shows the effect of doing just 
this and indicates the increase in motor 
load that occurs when the sheave ratio is 
changed. 

The oscillographic curves of current 
shown in Figure 11 were used to calculate 
the effective rms heating current. The 
results of these calculations show the ef- 
fect of reduced current peaks on the ther- 
mal capacity of the motor. It might have 
been possible to use a frame size smaller 
motor in the case of the medium or high- 
slip motor particularly if a 40-degree rise, 
a drip-proof motor were used. 

The kilowatt-hour tests revealed an in- 
teresting fact. More kilowatt-hours per 
barrel of fluid were required with the 
medium and high-slip motor than with 
the normal-slip motor. The reduced 
kilowatt-hour for the normal-slip motor 
was caused partly by the fact that the 
kilowatt-hour meter was rotating back- 
wards during part of the pumping cycle in- 
dicating that the motor was generating 
power during part of the pumping cycle. 
This was caused partly by the fact that 
the well was not completely counter- 
balanced. However, the well was not 


completely counterbalanced when the 
medium and high-slip tests were made © 
either as can be seen from the power — 
curves shown in Figure 12. 

Some revisions in kilowatt hours con-— 
sumption would have occurred had the | 
well been completely counterbalanced in | 
each test. It might be added, however, — 
that the results obtained probably more — 


= | 


truly depict actual operating conditions. | 
| 


It is very difficult to counterbalance com- 
pletely a well and expect it to remain in | 
balance over a long period of time. Well | 
conditions vary too much from day to | 
day and sometimes even from hour to | 
hour. 

If we accept the fact that the normal-_ 
slip motor does result in lower kilowatt- 
hours per barrel of fluid, then the saving | 
in the cost of purchased power would 
shortly offset the reduction in first cost of | 
a frame size smaller medium or high-slip 
motor. 


iusto 
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Discussion 
M. H. Halderson (Phillips Petroleum 
Company, Bartlesville, Okla.): The load 


versus time relationship on a beam pumping 
installation is influenced by many factors 
and is different for each installation. For 
this reason, reaching general conclusions re- 
garding horsepower requirement, pumping 
unit efficiency, electric motor load carrying 
capacity, and similar items requires that 
tests be made on many installations. As 
tests are made on greater numbers of in- 
stallations, these various items are found to 
vary over arange of values. The more tests 
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that are made and the wider the differences 
in the pumping characteristics of the wells, 
the more definitely will be established the 
extreme limits of the range and the average 
value of the items being checked. 

Thirty-eight tests have been made in the 
Smackover Field in Arkansas to determine 
pumping unit efficiency, motor derating 
factors (also called heating factor or cyclic 
load factor), and power factor. The con- 
clusions from these tests are different in a 
number of respects from those presented in 
the subject paper. These differences will 
be mentioned with the hope that other 
operators will be encouraged to make and re- 
port properly conducted tests. 
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Mechanical Efficiency of Pumping 
Units 


The efficiency of a pumping unit on a 
given well is found by taking a polished rod 
dynamometer card and _ simultaneously 
measuring average motor input and motor 
rms current. Average motor output is cal- 
culated with the aid of the performance 
curyes of the motor, and the efficiency of the 
pumping unit is found by dividing polished 
rod horsepower by average motor output. 

Using the above method, pumping unit 
efficiencies on heavily loaded pumping 
units with double reduction gears have been 
found to range from 67 to 80 per cent. Ef- 


ATEE TRANSACTIONS 


ve 


' 


ficiency will be less on lightly loaded pump- 
ing units and efficiencies have been found to 
_ be as low as 42 per cent. According to 
_ these results, a pumping unit efficiency of 93 
per cent is higher than normally can be ex- 
| pected. 


Motor Heat Factor (Derating Factor) 


From ten tests of normal slip motors 
operating in the Smackover Field, the high- 
est heating factor found was 0.70, the lowest 
0.51. For six of the motors where rms cur- 
rent was within 20 per cent of rated current 
the highest heating factor was 0.65, the 
lowest 0.51. These factors are the ratio of 
actual average motor output on pumping 
service to the output that the motor would 
develop on a steady load at measured rms 
current. 

These tests show that the use of a 
motor heating factor of 0.70 for normal slip 
motors would result in many such motors 
being undersized. 

The data given in Table I of the paper 
shows that the heating factor for the normal 
slip motor on this particular test was only 
0.33. The motor kilowatt input is shown to 
be 2.33. For an estimated motor efficiency 
of 85 per cent, the average motor output was 
2.65 horsepower or 26.5 per cent of rated. 
The rms current was 81 per cent of rated, 
giving an approximate heating factor of 
0.265/0.81 =0.33. If the data is reliable, 
this establishes a new low for the heating 
factor for normal slip motors. However, 
there are some questions on the data. 

Tests in the Smackover Field of 11.5- to 8- 
per cent slip motors that were loaded within 
20 per cent of rated rms current gave heat- 
ing factors ranging from 0.68 to 0.91, or 34 
- to 40 per cent higher than found for normal 

slip motors. Hence, there is definitely 
. more than a slight difference in the heating 
factor for the two types of motors. 

The subject paper states that a watthour 
meter offers an accurate means of determin- 
ing average power input to a motor driving 
a pumping unit, provided the well is prop- 
erly counterbalanced to eliminate any period 
of power regeneration. A pumping unit is 
properly counterbalanced when the peak 
load on the rise of the sucker rods is equal to 
the peak load on the rise of the counter- 
balance weights. When the condition ex- 
ists, there are many installations where 
there will be regeneration at the top and bot- 
tom of the stroke. On such wells, no posi- 
tion or counterweights can be found that 
will eliminate regeneration. A comment on 
why a watthour meter will not give average 
input if regeneration is present would be de- 
sirable, it being assumed that the watthour 
meter is not equipped with a ratchet that 
prevents reversal of disk rotation. 


Well Pumping Tests 


There are some questions regarding the 
data presented in Table I. 
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Difficult to reconcile is the fact that when 
a change was made from a motor with 3.33 
per cent slip to a motor with 5 per cent slip, 
the kilowatt motor input increased 52 per 
cent while the rms current decreased 24 per 
cent. That such a great increase in kilowatt 
input could have simultaneously been ac- 
companied by a 24 per cent decrease in rms 
current is very doubtful, if not impossible. 

Another very questionable result is that 
a change from a 3.33 per cent slip motor to a 
5 per cent slip motor caused an increase of 
62 per cent in the kilowatt-hours used per 
barrel of fluid lifted. The differences in the 
efficiency of the two types of motors would 
not be more than three to five percentage 
points on a steady load. On a pumping load 
the difference in efficiencies would likely be 
less because of the reduction in rms when 
using the 5- to 8-per cent slip motor. 

Some possible causes for the excessively 
great increase in kilowatt-hours per barrel 
are: (1) changing well conditions; (2) drag- 
ging of the brake on the pumping unit; (3) 
tightened stuffing box on the well, or (4) 
error in measuring kilowatt motor input. 

Oral discussion of the paper at the 1950 
General Fall meeting of the AIEE at Okla- 
homa City brought out the fact that the 
fluid production rate was measured on Test 
number 1 and then the producing rates on 
the remaining tests were found by assuming 
that production rate varied directly with 
strokes per minute. This procedure is not 
accurate enough where tests are being made 
to determine kilowatt-hours per barrel for 
different types of motors. Well conditions 
may change from one test to another and 
field tests have shown that for a given stroke 
and strokes per minute, producing rate 
changes with changes in the polished rod 
velocity versus time relationship. 


J. N. Poore: Oil wells, by their nature, are 
extremely difficult to predict. No two wells 
are alike, and no well necessarily stays the 
same over extended periods. Because of 
this, a wide range of test results can be ex- 
pected as the discussor has pointed out. 
It was not the intent of the author to draw 
specific conclusions from the one set of tests 
described, but rather to report results of one 
such test and add these results to many 
more tests that must be made before even 
good general conclusions can be drawn. 


Mechanical Efficiency of Pumping 
Units 


The discussor’s remarks concerning the 
efficiency of pumping units is both interest- 
ing and timely. To the author’s knowl- 
edge, no published results of pumping unit 
efficiency tests have been available. It 
would be very desirable to have additional 
data of this nature published as it becomes 
available. 
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Motor Heating Factor 


As stated in the discussion, the motor 
heating factor is the ratio of average motor 
output on pumping service to the output 
that the motor would develop on a steady 
load at measured rms current. 

In the discussion, the motor heating fac- 
tor is arrived at by comparing the percent- 
age horsepower output with the percentage 
tms current. This method does not take 
into account the power factor. The aver- 
age horsepower should be compared with 
the rms horsepower to give the proper 
motor heating factor. 

For the normal slip motor, on this par- 
ticular test, the rms current and the average 
current was calculated from oscillograph 
recordings. This resulted in an rms cur- 
rent of 11.6 amperes and an average current 
of 7.17 amperes. Referring to a motor 
characteristic curve for the normal slip 
motor, it develops that at 11.6 rms amperes 
the rms motor horsepower would be 8.2. 
At 7.17 amperes average current the average 
motor horsepower output is 4.5. The ratio 
of average motor output to rms motor out- 
put then becomes 55 per cent for the normal 
slip motor. This is contrasted to the 33 
per cent approximate heating factor ar- 
rived at in the discussion. The above ratio 
is arrived at by direct comparison of 
horsepower values applying for the average 
and rms currents. It disregards the motor 
kilowatt input measure with the watthour 
meter. This kilowatt reading is subject 
to error since the meter was observed to 
rotate backwards during the pumping cy- 
cle due to unbalanced conditions of the well. 

It is admitted that the motor heating fac- 
tor of a normal slip motor will be somewhat 
higher than for a medium slip or high slip 
motor. This is off-set to a great extent, 
however, by the fact that a 40-degree-centi- 
grade rise normal slip motor has a 15 per 
cent service factor while the same medium 
or high slip motor has no service factor. 
This is in accordance with NEMA (National 
Electrical Manufacturers Association ) recom- 
mendations. In a medium or high slip 
motor, the high resistance rotor introduces 
more inaccuracies in heating at a given load 
and hence a greater design margin is needed 
and the temperature rise is greater for a 
given increase in load due to higher rotor 
UR 

It is the conclusion of the author that 
only under very favorable conditions can a 
smaller medium or high slip motor be used, 
as compared to a normal slip motor, to off- 
set the higher cost of the medium or high 
slip motor. In general, this motor should 
be used only where its higher starting torque 
per ampere, reduced peak currents or re- 
duced rms currents, results in benefits to 
the user which will justify the extra invest- 
ment. Some definite applications for the 
medium and high slip motor have been 
pointed out in the paper. 
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Turbogenerator for Use in Short-Circuit 


Testing 


STERLING BECKWITH 


FELLOW AIEE 
ARGE short-circuit testing gener- ances, losses, and other performance 
ators in this country, have in the characteristics. On this rated base, a 


past been built with speeds comparable to 
those of synchronous condensers, that is, 
they have been salient pole machines with 
from 10 to 16 poles. 

It has long been recognized that the in- 
herent reactance of a 2-pole machine is 
far below that of machines with salient 
poles, and consequently that 2-pole 
machines are the most logical for short- 
circuit testing if they can be made to 
withstand this heavy service. 

The low reactance is essentially the 
consequence of using a forged and slotted 
cylindrical rotor construction which per- 
mits higher peripheral speed and there- 
fore longer pole pitch. 

Since the design and bracing of coils on 
large turbogenerators has been most 
satisfactory, in spite of the low reactance 
and consequent high currents and me- 
chanical forces, the building of a 2-pole 
short circuit generator was considered 
feasible and one such machine has re- 
cently been completed, tested, and put in 
commercial service. This unit is shown 
in Figure 1. 


‘Generator Design 


The nameplate rating of this particular 
generator was arbitrarily taken as 21,500 
kva as this corresponded with the physical 
size of the machine and served to main- 
tain perspective when calculating react- 


Paper 51-373, recommended by the AIEE Rotating 
Machinery Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Fall General Meeting, Cleveland, Ohio, 
October 22-26, 1951. Manuscript submitted 
November 10, 1950; made available for printing 
September 4, 1951. 
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subtransient reactance of 2.9 per cent 
was calculated neglecting saturation, and 
the actual saturated value was well below 
2 per cent. 

The size of the machine was set by the 
requirement that 260,000-kva rms sym- 
metrical single phase be developed at the 
end of one cycle on the secondary side of 
the test transformer which was supplied 
with the generator and which permitted 
testing at 69 kv, 46 ky, 34.5 kv, and 23 
kv. However, the machine at its terminal 
voltage of 15 kv, 8.66 kv, 7.5 ky, or 4.33 
kv, has a zero-time equivalent 3-phase 
rating of 1,280,000-kva rms asymmetrical. 
A typical short-circuit oscillogram is 
shown in Figure 4. 

The duty cycle of the machine is such 
that it is suitable for operation at full 
voltage for two minutes out of ten during 
which period it is subject to two full volt- 
age short circuits. The direct-connected 
slip-type induction motor is suitable for 
reaccelerating the generator after each 
short circuit as well as for starting duty. 

The generator differs from the elec- 
trical proportions of an ordinary turbo- 
generator in two major respects. The 


Figure1. Two-pole 
3,600-rpm__—_gener- 
ator capable of 
supplying a zero- 
time equivalent 3- 
phase short circuit 
current of 1,280,000 
kva rms asymmetrical 
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first of these major differences is in the 
flux density, which in this machine is | 
comparable to that which would exist in | 


an ordinary turbogenerator if it were 


possible to raise the terminal voltage to | 
160 or 180 per cent of normal. The coil | 
end forces increase as the square of the | 
current and, as the current goes up in | 
proportion to the voltage, this means that | 
the mechanical forces on the winding 


have been increased by a factor of three i] 


because of the increased flux in the ma- | 
chine. 


The second major difference is the || 
increase in the short-circuit capacity ob- | 
tained by reducing the cross section of 
copper in the stator coils, thus making the | 
stator slot depth less than half of normal. 
This was permissible since the duration of | 
the short circuit is not great enough to 
cause undue heating. The reduction in 
slot depth to half of normal means that | 


the reactance was decreased to between | 


one-half and two-thirds of its value with 
normal slot depth; thus, an additional | 


factor of three was introduced in the | 


magnitude of mechanical forces on the 
stator winding. Combination of these 
two factors, that is, a factor of three be- | 
cause of the slot depth and a factor of | 
three because of the flux density means 
that the mechanical forces to be encoun- 
tered were about nine times those that 
would have existed if the machine had _ 
had normal electrical proportions. Since 
a normal 2-pole machine is more difficult 
to brace than any other speed machine | 
because of its long coil ends and inherently | 
low reactance, the bracing problem was of 
considerable magnitude. 
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Stator Coil Bracing 


The bracing of the stator coil ends is 
similar to, but more complete, than ona 
normal turbogenerator as shown in Figure 


| 2. However, a major difference from 


' normal machines exists in the construc- 


tion of theends of the coils themselves as 
they were made of solid hard drawn cop- 
per bars instead of stranded copper. 
Stator coils are of the conventional 
double-layer diamond-type construction 
used in all turbine generators built in this 
country. They are single turn coils made 
in halves. Series connections between 
coils are silver brazed. The stranding, 
which of course is transposed, is termi- 


| mated near the end of the core. Use of 


such construction is permissible because 
the end zone fluxes are kept to a minimum 
by the use of nonmagnetic rotor coil sup- 
port rings. (This material is the usual 
fully annealed nickel manganese chrome 
molybdenum material with which many 
years of successful experience are avail- 
able on the largest turbine generators.) 
Support of the stator coils up to the end 
of the stator core is obtained by the use of 
the usual slot wedges. The combination 
of the nonmagnetic stator coil support 
rings, plus the use of a patented slot in 
the stator end teeth, made it unnecessary 
to step back the end core parcels to avoid 
stray losses. 
Support of the straight coil extension 
‘beyond the core is by means of heavy 
Bakelite linings inserted into machined 
spaces in the coil end finger plates. These 
finger plates are of the sectional nonmag- 
netic type which are standard for large 
turbogenerators and for which ample 
precedent was available. 


Stator winding of short-circuit 
test generator 


Figure 2. 
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Figure 3. Rotor 
and damper winding 
construction 


Support of the diamond or diagonal 
portion of the coil ends is by means of the 
usual blocking and cording. The un- 
supported span between blocking is kept 
well below the calculated maximum safe 
span at every point. This span also was 
adhered to in designing the coil supports 
behind the coil ends. 

The exceedingly high localized pres- 
sure on the mica at points of maximum 
pressure loading was carefully calculated 
and studied in the design of the blocking 
and supporting member. 

The adequacy of the stator coil bracing 
was investigated by means of high speed 
moving pictures. It was found that very 
small motions could be accurately seen 
and analyzed, and some minor changes in 
the stator coil end blocking were made as 
a result of these studies. 

Stator leads are brought out at both 
ends of the stator since twelve leads are 
required to permit external switching for 
15,000-, 8,660-, 7,500-, and 4,330-volt 
operation. Leads from the stator coils to 
the machine terminals are of the usual 
solid strap construction with Bakelite 
lined metal clamps spaced relatively 
closer than normal. 


End Turn Reactances 


End turn reactance is of far more im- 
portance in this machine than in normal 
machines. A careful investigation was 
consequently made, and new methods 
were used to check available formulas. 
It is interesting to note that the transient 
value of end turn reactance differs con- 
siderably from the subtransient value, for 
the following reason: 

End turn leakage fluxes are set up by 
continuous ampere-turn (or magnetic 
equipotential) surfaces, one edge of which 
terminates on the stator current and the 
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other edge of which terminates on the 
rotor current. Consider the simplified 
case where the stator has one full pitch 
coil only and the rotor field winding con- 
sists only of one coil. Also consider that 
there is no damper winding. Under these 
conditions, the subtransient magnetic 
equipotential surfaces will extend from the 
stator coil end to the portion of the rotor 
body where the subtransient end currents 
are flowing in the solid forging. How- 
ever, the transient magnetic equipotential 
surfaces will extend only from the stator 
coil end to the rotor coil end, and thus on 
the rotor will terminate considerably be- 
fore they reach the subtransient current 
paths in the solid forging. Under extreme 
conditions, the span of these stator end 
turn to rotor end turn equipotential sur- 
faces may differ 11/2 to one or more, thus 
accounting for the difference between the 
transient and subtransient values of end 
turn reactance, 


Damper Winding 


As the particular application required 
single-phase testing, an ample and rugged 
damper winding was necessary. Several 
types of damper windings were considered 
and past satisfactory experience with 2- 
pole synchronous motor windings, as well 
as past experience with machines which 
had been subjected to damaging single- 
phase currents or prolonged operation out 
of synchronism, were evaluated. 

The damper winding chosen was one 
which was placed below the rotor slot 
wedges, but which was in direct metallic 
contact with the wedges and also with the 
rotor coil support rings. The winding was 
uniformly distributed around the periph- 
ery by the use of shallow slots in the 
pole centers as shown in Figure 3. The 
end windings were made effectively solid 
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Figure 4, 


by choosing the proper angle for the 


“diamond or angle portion at each end 
and also by appropriate choice of coil 
piteh,' Thus, the two layers of the 
damper winding were under high pressure 
metal-lo-metal contact over substantially 
(he entire area under the coil retaining 
rings, In addition to this, the upper and 
lower layers were brazed together at the 
ends to form the usual double layer dia 
mond type, single turn winding of long 
pitch, but instead of being connected in 
series, each coil was short ecireuited on 
itself, ‘The 


doubtedly have been satisfactorily con 


damper winding would un 


nected by the large metal-to-metal con 
tact area between layers on the end, but 
braving was used in addition go that the 
damping would be about 96° per cent 
effective even if zero damping eurrents 


flowed between the contaet areas, 


Contact burning from currents flowing 


in the rotor slot wedges was avoided, 
since the damper winding was in direct 
high pressure contact with the wedges, 


(his very elfectively ehort ecireuiting the 
joints between the individual wedges and 
hetween the wedyes and the rotor coil re 
taining rings, Use of rotor slot wedges of 
hivher resistance material also served to 
currents, Undoubtedly, 
some subtransiont currents will flow in 


reduce wedge 
the solid rotor teeth as the damper wind 
ing is below the slot wedges and thus 
would be eut only by thixes whieh would 
penetrate to that depth, Teleetiveness of 
the above measures is shown by the faet 
that evidence of damping currents could 
minute 


be detected only where a few 


burra had caused localized contact, 
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Typical single-phase short-circuit oscillogram from 60 per cent voltage 
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the beam at two intermediate points — 
selected to give the desired critical speed, — 
Resonance with the fundamental single 
phase torque pulsation, or any of its | 
harmonics was avoided. Figure 1 shows 
the general proportions. 


y Possible Synchronous Condenser 4 
Rie a ae Application 

Us 8) VN A machine of the type described might 
possibly have some usefulness for main-— 
taining voltage at the middle of a long 
transmission line under transient condi- 
tions. The low inherent reactance per- 
mits the flow of large transient currents 
with relatively small voltage fluctuations 
at times of sudden load changes. It is not 
suitable for the combined function of 
continuously generating kilovars plus | 
supplying high transient currents, but if | 
continuous kilovar generation can be 
taken over by the usual static or rotating | 
condensers, then the supplying of high | 
transient currents can be performed by | 
the special 2-pole machine considerably — 
better than it can be done by the usual | 
rotating condenser of the same nominal — 
rating or physical size. 


Flexible Mounting 
Since the machine is to be short cir- 
cuited single phase, the pulsating torque 
during the short cireuit has to be ab- 
sorbed by means of a flexible mounting. The Starting and Driving Motor 
This type of mounting is not particularly 
new, but the The generator is started and driven by 
a direct-connected 2-pole wound rotor 
induction motor which can be seen in 
Figure 1. Resistance is inserted in the 
rotor just prior to the short circuit so that 
the current drawn from the power supply 
will not be excessive. Typical power re- 


quirement curves are shown in Figure 5. 


| INXS 
i ON 
| | 


0 2 MIN. 4 


magnitudes of the forces 


encountered were far greater than any 


others previously provided for with a 


flexible mounting. The mounting con- 
sisted of a special heavy H-beam along 
each side of the generator, The ends of 
the heam were supported from the foun- 


dation and the generator was fastened to 
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An appreciable portion of the short- 


| circuit torques are, of course, transmitted 
to the induction motor because of its 


mechanical inertia and may be amplified 


because of their transient nature com- 
bined with the flexibility of the drive 


shaft. During a single-phase short cir- 
cuit underthe worst conditions, the entire 


unit was calculated to slow down from its 
normal operating speed of 59.2 cycles to a 
speed of about 52 cycles in ten cycles. 
The maximum rate of deceleration at the 
peak of the pulsating torque is about 
47,000 rpm per second. A torque limiting 
coupling was used between the induction 
motor and the generator in order to limit 


the torsional forces on the induction 
motor and in order to avoid possible 
build-up of these forces due to resonance. 
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Discussion 


George H. Manke (Line Material Company, 
Milwaukee, Wis.): Mr. Beckwith has 
pointed out in his paper some of the design 
problems and some of the electrical advan- 
tages of a high speed generator over a 
slower speed generator for short circuit test- 
ing. To the user there are a number of 


_ other advantages besides those discussed by 


Mr. Beckwith which are of equal impor- 
tance to the electrical features. 

To the user one of the important advan- 
tages is the reduced weight of a high speed 
generator over a slower speed unit. The 
generator described by Mr. Beckwith 
weighs approximately one half that of a 
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900 or 720 rpm generator. This reduction 
in weight results in considerable savings to 
the user in that the first cost of the unit is 
reduced, the building in which it is housed 
and the foundation to support it can be 
much lighter in construction, and the moy- 
ing of the equipment during installation or 
during possible repairs is not the problem 
that it would be with a heavier unit. 

The generator described by Mr. Beckwith 
is housed in a relatively small building; the 
floor dimensions of the generator room are 
only 36 by 48 feet; although the equipment 
is arranged compactly into the room there 
is adequate space for dismantling any piece 
of equipment. 

The relatively small weight of the gene- 
rator makes it practical to move the various 
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Figure 1 (left). 


Figure 2 (above). 


Figure 3 (left). 


Figure 4 (below), 
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Exterior view of building 


Cross section of generator foundation 


parts without the aid of an overhead crane. 
This means a large saving in building con- 
struction and results in a considerable saving 
in the first cost of such an installation. 

The clearances required for lifting the 
various dust covers and other parts off the 
generator are small so that a relatively low 
ceiling is adequate. Adding these savings 
to the lower cost of the machine itself means 
that the economic balance is strongly in 
favor of the high speed generator over the 
slower speed design. 

Figure 1 of this discussion shows the ex- 
terior view of the building, which is small 
and relatively simple in construction. 
Figure 2 shows a cross section of the gener- 
ator foundation and again shows the sim- 
plicity of the building. The floor plan of 


Floor plan of laboratory 


Size of various machines 
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the laboratory seen in Vigure % of this dis- 
cussion shows the compact arrangement of 
the equipment, Although the floor appears 
congeted, there is adequate room to dis- 
mantle any plece of equipment for repairs, 
aid Vigure 4 shows the physical size of the 
various machines in the generator room, 

The decrease in speed of the generator 
durlig the testing interval has proved to 
he of lithe consequence in practical testing 
even though the mass of the machine is not 
large and though it is essentially coasting 
during the test, Vxperience has proved. 
that a slight change in frequeney is of litte 
significance in the performance of are inter- 
raping equipment, Sines the power factor 
of the test elreult is low and since the eur- 
rent normally hows for a very short interval 
of time, little energy Js absorbed from the 
potential energy of the spinning rotor so 
that the change in frequeney is small for 
odinary testing, Vrequeney variation he- 
comes Wiportant only Wf the eurrent is per 
mitted to flaw for a tine in excess of 15 or 
W) eyeles, 

‘The decrease in speed of course tends to 
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lower the generated voltage. The voltage 
also is reduced by the decay of flux in the 
generator rotor as current is drawn in the 
fest cireuit, These characteristics are 
largely neutralized by “forcing” the field, 
This means that some resistance is removed 
from the d-e field circuit at the instant that 
the test circuit is closed, The inerease of 
field current then tends to compensate for 
the decay of flux in the rotor and the speed 
reduction, thus holding the voltage essen- 
tially constant during the duration of the 
test, ‘“Vorcing’ the field is especially 
effective in maintaining the voltage when 
the eurrent flows for longer than 8 cycles, 

After a test the generator can be re- 
aceclerated to norma) operating speed in 
less than 15 seeonds so that it is possible to 
test such devices as oil cireuit breakers 
where short cireuits must be repeated at 
controlled intervals to properly prove the 
device under test, 

The motor generator set deseribed by 
Mr, Geckwith has been in very satisfactory 
and profitable operation for a matter of 
about three years. The modern machine 
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from the analysis of the 
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lated for achieving, through 1 
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DVANCES in electrical insulation 
development often result in prog- 


| ress in instrument transformer design. 


These two advances take place concur- 


| rently because one of the primary func- 


| tions of an instrument transformer is that 
Regardless of whether a 
high voltage or a high current is to be 


measured, the end device must be in- 
_ sulated from the circuit voltage, which is 
normally of a dangerously high value. 


Two years ago, an outstanding advance 


t . ° . 
in instrument transformer design was 


“made possible by the introduction of a 


| 
' 


special transformer butyl compound. 
Molded butyl compound made possible an 
entirely new concept in a device as old as 
the use of alternating current. Another 
step in the progress of measurements now 
has been made. This same molded butyl 
insulation has been successfully applied 
to a new transformer for use indoors and 
outdoors on secondary circuits (600 volts 
and below). Although the properties of 
butyl pertinent to indoor use were known, 
its application to outdoor use presented 
many new problems. The investigation 
and conclusions concerning the use of 
butyl compound in outdoor service are 
described in this paper. 


General 


It has been common practice among all 
manufacturers of instrument transformers 
to use two general types of insulation, de- 
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termined by the operating voltage in- 
volved. Up to about 15,000 volts, a dry 
type or compound impregnated con- 
struction is employed. Above that volt- 
age, liquid-filled designs are used. For 
outdoor service, it has been common de- 
sign practice to place the insulated trans- 
former in a waterproof metal casing with 
porcelain bushings. 

With the development of a molded 
butyl insulation, a new dry type material 
was added to those available to design 
engineers. This synthetic elastomer 
possesses many outstanding advantages 
over other dry type insulations and is 
being used successfully and to an increas- 
ing extent on a line of 5,000-volt indoor 
metering transformers.1 This  trans- 
former is illustrated in Figure 1. 

The use of this molded butyl compound 
has now been extended to include out- 
door, as well as indoor, service. The first 
indoor-outdoor transformer, for low- 
voltage service, is illustrated in Figure 2. 

Butyl compound has several outstand- 
ing characteristics that make it suitable 
for an outdoor insulation: low-moisture 


Figure 1. 5,000- 
volt butyl-molded 
current _ transformer 
for indoor metering 
service 
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absorption, good corona and sunlight 
resistance, excellent adhesion to copper, 
very low-power factor, and good resist- 
ance to mechanical damage. 

By the use of butyl compound, large 
expensive cases of metal and porcelain are 
no longer necessary on low-voltage out- 
door transformers. In addition, the com- 
pact designs made possible by molded in- 
sulation result in a universal low-voltage 
transformer, small enough to meet the 
standardized mounting dimensions for in- 
door service and completely waterproof 
for outdoor service. Figure 3 compares 
the new butyl design with the conven- 
tional outdoor metal-porcelain construc- 
tion and a typical indoor transformer with 
asphalt-impregnated insulation. Indoor- 
outdoor designs offer definite possibilities 
for standardization to both the user and 
the manufacturer. 

Butyl gum is a synthetic elastomer 
(GRI) developed just prior to and during 
World War II. The gum for electrical 
usage is composed 97 to 99 per cent of 
polyisobutylene, plus 1 to 3 per cent of 
isoprene necessary for vulcanization. The 
polyisobutylene molecule, since it has no 
double valence bonds, is in an exceedingly 
stable molecular condition.**° This re- 
sults in unusually good chemical stability 
and resistance to oxidation. 


The major use of butyl gum at present 
is in inner tubes, since it is extremely im- 
pervious to air. Special compounds with 
excellent electric properties are being 
widely used as cable insulation. 
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Butyl-molded current transformer 
for indoor and outdoor metering service 


Figure 2. 


To make the gum suitable for molded 
transformer insulation, it is mixed with 
several other ingredients. These fillers, 
plasticizers, and vulcanizing agents make 
up about 60 per cent of the final com- 
pound. 

In the molding process, the uncured 
compound is forced into a heated mold, 
which forms the outside contours of the 
transformer and also locates the core with 
windings, terminals, and mounting base. 
Figure 4 illustrates the insert ready for 
moiding. When filled, the loaded mold is 
heated under closely controlled condi- 
tions to cure or vulecanize the butyl into 


a solid, homogeneous mass, possessing ex- - 


cellent insulation properties. 

When cured, the transformer is re- 
moved practically complete, needing only 
to have excess molding flash removed and 
the secondary hardware and nameplate 
installed to make it ready for final test 
and shipment. 


Indoor-outdoor transformer insert 
ready for butyl molding 


Figure 4. 


Properties of Butyl Insulation 


Once butyl had been proved as an in- 
door transformer insulation, the next con- 
sideration was its suitability for outdoor 
use as well. To determine the possibili- 
ties, its properties were evaluated in 
terms of the performance required and the 
various conditions that such an insulation 
would be required to meet. 

Specifications for a suitable outdoor in- 
sulation were drawn up. Tests were then 
made to determine whether the material 
met these specifications. 


Test Results and Conclusions 


SUMMARY OF RESULTS 


The properties of butyl compound re- 
quired for outdoor use were determined by 
test. It was found that molded butyl is 
excellent for certain outdoor applications. 

An effective waterproof casing made of 


Figure 3. Butyl-molded current transformer for indoor and outdoor metering service shown with 
the conventional asphalt-paper porcelain-steel outdoor type and the conventional asphalt-paper 
indoor type 
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Figure 5. Water penetration sheet sample. 


Samples were immersed in water for aging, — 
then tested in air for capacitance and power © 


factor 


butyl molded as an integral part of the 


transformer has been developed. The 


butyl casing is sealed to the terminals and 


other metal parts during molding to pro- ‘| 
vide watertight seals for outdoor usage. 
The result is a butyl casing that performs | | 


all of the functions of an outdoor housing 
made of metal and porcelain. 


RESULTS—DETAILED DISCUSSION 


Resistance to Water Penetration: 


thicknesses. Molded and sheet samples 


were used as shown in Figures 5 and 6. _ 
The molded samples contained wire-mesh — 
electrodes, so that any moisture that | 


penetrated the butyl layer would dis- 
tribute itself and be readily detected. 
These samples were immersed in water 


and then tested at intervals of time. q 
Tests of power factor and capacitance 
were made to determine the rate and de- | 


gree of moisture penetration through the 
layer of molded butyl. 

The results of these tests are shown in 
Figures 7, 8,and 9. Fora 1/8-inch thick 
layer of butyl, a period of 29 days’ im- 
mersion at 75 degrees centigrade was re- 
quired for an appreciable change (5 per 
cent) in power factor. In water at room 


temperature (approximately 25 degrees | 


centigrade) there was no change after im- 


Figure 6. Water penetration molded sample. 

Samples were immersed in water for aging, 

then tested in air for capacitance and power 
factor 
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The — 
resistance of butyl to the penetration of ] 
moisture was determined by the use of | 
water-immersed samples of various known 
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“mersion for 55 days. 
_mersed in water for a sufficient time to 
| change the power factor, recovery rate 
| by drying was very rapid. This is shown 
in Figure 9. 
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THICKNESS OF BUTYL- 


After being im- 


In order to provide a waterproof casing 


' for the transformer, the butyl required for 

insulation on the outside surfaces was in- 
creased. An added thickness of approxti- 
~mately 1/8 inch is considered adequate to 
prevent moisture penetration. 


Resistance to Weathering: Resist- 


ance to weathering was found to be ex- 
cellent as determined by accelerated 
weathering tests made on both material 


samples and transformer samples. 


After 


extended actual weathering in an indus- 


trial atmosphere, 


transformer samples 


were operating satisfactorily and showed 
no adverse effects when tested. On an 
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Figure 7 (left). 
tigrade. 


Figure 9 (above). 
INCHES 


actual outdoor service installation in ex- 
ceptionally corrosive atmospheres, trial 
transformers are still operating satisfac- 
torily after more than a year’s service. 

Mechanical tests made on samples of 
butyl compound strips showed that the 
hardness and elasticity improved as shown 
in Figure 10 after aging for twelve months 
under various conditions. Examination 
of sample transformers after three years 
of outdoor aging showed that the butyl 
insulation was in excellent mechanical 
condition. 


Watertight Adhesion to Metals: In 
order to prevent the possibility of mois- 
ture entering the transformer, a method 
was developed for sealing the molded 
butyl to the protruding metal parts of the 
transformer. Samples of the seal tested 
under a pressure of ten feet of water for a 


TIME - DAYS 


Water penetration of molded butyl at 75-degrees cen- 
Time for wire mesh samples ta reach 3, 5, and 10 per cent 


power factor 


Water penetration at 75 degrees centigrade and 
drying at room temperature of molded butyl 


continuous period of fourteen days dis- 
played no signs of leakage. 


Resistance to Surface Voltage Creepage: 
One of butyl’s most important properties 
which had to be evaluated was its re- 
sistance to voltage creepage. Creepage is 
the phenomena of leakage current flow- 
ing along a surface from one electrical 
potential to another. Ona current trans- 
former, there is a considerable potential 
difference from the primary to the second- 
ary winding and from the primary to 
ground. Because of the exposed ter- 
minals, the voltage creepage character- 
istics are of considerable importance. 

In this investigation, the critical data 
have been obtained in order to utilize the 
creepage characteristics for the utmost 
benefit in the finished transformer de- 
sign. 

The test method consisted of applying 
voltage between two parallel bar-type 
electrodes placed on the surface of the 
The butyl surface was inclined 
approximately 15 degrees to the hori- 
zontal and subjected to a salt mist. This 
is shown in Figure 11. The 15-degree 
slope was used in the tests because it rep- 
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resented the worst practical operating 
condition, since transformer surfaces are 
designed to have a slope of greater than 15 
degrees. A salt solution of 1 per cent 
sodium chloride by weight was used. 

The presence of creepage was deter- 
mined by viewing the creepage current 
on an oscilloscope. Figure 12 shows the 
electrical test circuit used. The creepage 
was shown on the oscilloscope as very 
short-time increases in current or as a 
change in current during a single cycle of 
applied voltage. The detection of creep- 
age is shown in Figure 13. This test 
method provides a sensitivity of detection 
that is not possible by direct visual per- 
ception of creepage. 

Using this method of testing, the worst 
creepage condition to be expected during 
the normal service 
formers was determined. 


of outdoor trans- 
It consists of a 
very dirty surface with a water mist 
directed upon it. Dirt collected in an in- 
dustrial atmosphere was used for this 
test. This condition was very unstable, 
since the dirt washed off rapidly, causing 
the creepage to stop. It was found that a 


salt mist was an equally bad condition 


Figure 12. Electrical circuit for creepage test 


ELECTRODES 


Figure 11 (left). 
Creepage test 
method 


CREEPAGE DETECTED 
BY PRESENCE OF 
VERTICAL LINES 
(SHORT-TIME CURRENT 
INCREASE) 


tween electrodes 
as seen on oscil- 
loscope 


and, in addition, was stable and reason- 
ably repeatable. The salt spray was, 
therefore, adopted as a practical test 
method, since it was equivalent to the 
typically poor condition of dirt from an 
industrial atmosphere plus a water mist. 

Tests were made to determine at what 
minimum voltage creepage occurred. It 
occasionally started at a minimum volt- 
age gradient of 450 volts per inch under 
the test Creepage 
usually started at a voltage gradient 


conditions used. 
above 800 volts perinch, Visual creepage 
occasionally occurred at a minimum volt- 
age gradient of 800 volts perinch. Visible 
creepage usually started at a voltage 
gradient above 900 volts per inch. 

The of voltages 
added to the impressed 60-cycle voltage 
were investigated. Tests show that there 
is no change in the creepage start voltage 
due to the addition of voltage surges. 


effects high-surge 


Mlashover or creepage that occurs during 
voltage surges does not continue after the 
surge and, therefore, does not cause dam- 
age to the surface. 


CONTROL VOLTAGE STEP-UP 
TRANSFORMER TRANSFORMER (201) 
BUTYL CREEPAGE DISTANGE | fi 
PRIMARY TO Ney 
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\ 
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Since creepage starts at a relatively low” 
voltage, tests were made to determine its | 
damaging effects. Ata potential gradient | 
of 2,000 volts per inch across the surface, 
visible creepage occurred and caused visi- 
ble damage after 80 hours of continuous 
operation. A potential gradient of 1,000 
volts per inch produced creepage that was 
detectable with the test equipment. 
After 80 hours of continuous operation, — 
some damage had occurred and sparking 
was visible occasionally. At 800 volts per 
inch, creepage was neither visible nor de- 
tectable on butyl and produced no effect 
after 100 hours of continuous operation 
under the salt mist, | 
It was concluded, therefore, that a 
satisfactory butyl outdoor design must 
operate at a sufliciently low-surface volt- 
age gradient to prevent creepage from 
occurring. This has been accomplished 
in the transformer design by allowing 


Figure 14. Some design details employed to 
utilize butyl as an outdoor insulation 
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Table | 


Absolute Min. 


Aging Creepage Start 
Aging Period, Voltage, 
Condition Years Volts /Inch 
190% humidity, 30°C...... Shc OAPI Ore) 360 
75°C oven. . 44 |. See Bicaeespe pias oO 
Outdoor exposure......... 1/2 i serene 400, 
Room temperature........ Wy Dtreartei merce to0: 


sufficient distance between terminals and 
other parts. A design value of 200 volts 
pet inch maximum creepage gradient has 
been used on the first indoor-outdoor de- 
sign. This represents conservative design 
based on the characteristics of the pres- 
ent material. It is anticipated that 
progress in the design of higher voltage 
ratings will result from the improvement 
of this characteristic of molded butyl 
compound. 

It was found that the effects of aging on 
creepage characteristics were satisfactory 
for the outdoor use of this material at low 
voltages. Samples that had been aged 
for three years under various conditions 
were tested for creepage start voltage. 
The results of these tests are shown in 
Table I. 

Tests made on sheet samples that had 
been subjected to accelerated aging in a 
weatherometer and a 100-degree centi- 
grade oven showed that butyl has good re- 
sistance to creepage. Samples subjected 
to accelerated aging compared reasonably 
well with samples aged at room tempera- 
ture. i 

The minimum start voltage in- 
creased approximately 25 per cent during 
the 62-day accelerated aging period for 
both the accelerated and the normally 
aged samples. 


Other Properties: The electrical and 
chemical properties of this special trans- 
former butyl compound have proved to be 
satisfactory for use as both indoor and 
outdoor insulation. These properties are 
shown in Table II. 

The general physical properties of 
butyl are excellent for its use as an out- 
door insulation. It is on the basis of 
these properties that this material offers 
many advantages over old materials. By 
the elimination of metal-porcelain casings, 
and asphalt-paper insulation, many de- 
sign and manufacturing simplifications 
are made possible. These result in stand- 
ardization and additional improvements 
in the finished transformer. 


Transformer Design 


It was necessary to utilize the various 
properties of butyl in a final transformer 
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design to meet the requirements of ex- 
cellent performance under adverse operat- 
ing conditions. Some of the design de- 
tails used to obtain the maximum benefit 
from this material are shown in Figure 
14. 

The outdoor transformer in which this 
new insulation is used has been very care- 
fully designed to utilize fully the superior 
characteristics of molded butyl. This has 
resulted in the successful accomplish- 
ment of an entirely new concept in de- 
sign; namely, an indoor-outdoor instru- 
ment transformer. 

The mechanical construction combines 
strength with small size and ease of mold- 
ing. The high-permeability silicon steel 
core is fastened to the base by a welded 
steel strap, providing excellent support 
for molding and for ruggedness in service. 
The construction is shown in Figures 2, 
4, and 14. 

This new transformer combines several 
important features of both indoor and 
outdoor current transformers. In addi- 
tion to being suitable for outdoor use 
without external housings, it has features 
that make it excellent for indoor use. 

The secondary terminals are located on 
top for maximum accessibility. The 
over-all size is small for convenient use in 
limited space. This transformer essen- 
tially meets all requirements of the 
Edison Electric Institute Specification, 
MS-2,° for low-voltage metering trans- 
formers. It fits in the same space and, 
with an adapter, may be used on the same 
mounting holes. This design offers the 
advantages of flexibility, since it may be 
used with either a cable or a primary bar 
passing through the primary window, and 
for certain current ratings may be used for 
3-wire single-phase metering applica- 
tions. 


Conclusion 


The new insulation developed for use in 
indoor instrument transformers has been 
found to be applicable to low-voltage 
(600 volts and below) outdoor instrument 
transformers. This insulation, molded 
butyl compound, is being used in an in- 
door-outdoor current transformer. This 
represents an additional advance in the 
use of this new insulation in instrument 
transformers. 

A careful utilization of the superior 
properties of molded butyl has made pos- 
sible many improvements in the finished 
high accuracy transformer. Outstanding 
among these are high-thermal rating, 
small convenient size, and long-time 
stability of insulation properties. This 
contribution to the development of in- 
sulating materials now offers the many 
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Table Il. Important Properties of Buty! Com- 
pound for Use as an Indoor or Outdoor In- 
strument Transformer Insulation 


Electrical Properties 


Dielectric strength (Min.), 


Volts per OLOOLMnCh: csaiccleid cielb eis cats 400 
60-cycle power factor (ASTM 

IDTSO) Map ericent.s sarc cece sees avclesceeea. 0.3-0.8 
Dielectric constant (ASTM D150)........ 2.5-3.5 
Arc tracking (ASTM-D495-42) 8 

CRRRD TTR deicht erro itis SPRING CCR Geng aren CRS 130 
Volume resistivity, ohms/em.*,.............. 1015 


General Physical Properties 
Tensile strength (ASTM D412),° 


WOW/ET tele Smee, Rieke Se ie ES ae ee 700 
Hlongationyipemeent..tc 25 ie coe ce eae aes a 680 
Hardness (Shore) Saw) sinc aciclerse sce e ciceietale 45-60 
Plasticniy: (elsoreyin cin. Seid oe eat Ade alates sehen 38 
AD PASIONM PeSILGNEE so aca shaasine soak tater s) are 0% Good 
SPECUIS CL OVIEG atin a le sein eee ees eter ane 1.3 
Soecilic heat. ois as< ccitaen na eeels ounmiaca sclera 0.36 
‘Mhermal: conductivity ice. +c velo Wee 6.4 x 10-4 

Cal./Sec./ 

Cm.?/Deg. C 

Flexing resistance,...................+. Excellent 

Resistance to mechanical damage........ Excellent 

Chemical Properties 

COxrOn a TESISEANCE i ccarsys-5 n/t le islias io tereeacn Syare Good 

lame: resistanCe ty, syaisrun ar «cle = asdnnaahs os tiecsieus Good 

OZone wesistan Cen aerate a ote.ni svaca/execrshs Whe reeiela eos Good 

Sunlight cesistancen, occ cece ce ve tc ce aen Good 
Resistance to attack by: 

Go Cost West Oey es ons ee, orc nae Re a Fair 

SSID MURICPA CIE aro clafarstereacieea rel atacistesele <feieke =. Good 

OULU MV CLOXIGG: i ote alerts rdisiafee <i Good 

NOALEAS DER Vie tietieel aeneeore tics: ahetaroudia te dacreabsmioneds Good 

Miscellaneous Properties 
Silitability for mOlding occu nye clelas 6 pee Good 


economies of a standardized indoor-out- 
door current transformer. 
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The Closed Core Reactor 
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Synopsis: This paper indicates the value of 
a closed iron core reactor as a source of 
fundamental reactive  kilovolt-amperes. 
The saturation of the core provides a sharp 
transition point and a steep rise in reactive 
kilovolt-amperes when operating in the 
neighborhood of saturation. A practical 
method of analysis is outlined which per- 
mits the design of these reactors with engi- 
neering accuracy. Also included is experi- 
mental data on a commercial reactor of this 
type. 


OR APPLICATIONS which require a 
rapid increase of reactive kilovolt- 
amperes with moderate increase in volt- 
age, a reactor with a closed iron core rep- 
resents a practical solution. By operat- 
ing the core slightly below saturation 
moderate increments in applied voltage 
will produce large increments of current 
by forcing the core to operate above satu- 
ration for portions of a cycle. When an 
oriented steel such as Hipersil! is used as 
the core material, the sharpness of the 
transition at saturation can be consider- 
ably increased. 

The current drawn by a reactor of this 
type will be highly peaked as indicated by 
the oscillogram in Figure 1, but will, 
nevertheless, contain a large fundamental 
component. In 3-phase applications the 
peaks of line current can be greatly re- 
duced by connecting the reactors in delta, 

‘thus providing a path for triple har- 
monics. 
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Theoretical Characteristics 


In the application of reactors of this 
type, the fundamental component and the 
total rms value of exciting current are of 
primary importance. As both of these 
quantities are determined almost entirely 
by the current peaks, it is possible to an- 
alyze the performance with engineering 
accuracy by assuming the impedance in- 
finite below core saturation. The theo- 
retical relations used are based on a 
hypothetical reactor whose core has the 
broken straightline characteristic shown 
in Figure 14(B), and are derived in detail 
in the Appendix. 

If a gradually increasing sine voltage is 
applied across this hypothetical reactor, 
the current will remain zero until an rms 
value (;)rms sufficient to bring the 
core to the effective saturation flux den- 
sity B; is reached. This represents the 
transition point between the two straight- 
line portions of the core characteristic. 
Beyond this point the exciting current ap- 
pears as a series of discrete positive and 
negative pulses. In this current region 
beyond saturation, the reactor has an im- 
pedance Z, determined by the effective 
resistance R and the air core reactance X 
of the winding. 

As developed in the Appendix the rms 
value of the total exciting current and its 
fundamental component can be expressed 
in the form, 


Erms 
Z 


([p)rms =Ky7X 


ve 
Cr )rms = a Ky x 


where 
Z=V/R+X? 
Exms=rms value of applied voltage 
The coefficients Kp and K ry are com- 


pletely determined by two simple non- 
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/) 


re 


dimensional ratios. These may be de- 


fined as, q 
n=R/X 
_Erms_ a 

r= Ee , 
s /rms by 


Plotting the characteristic curves in 
terms of m and s places them in general- 
ized form applicable to any closed core 
reactor. 

As defined above the quantity s is a 
convenient measure of the excursion be- 
yond core saturation produced by the 
applied voltage Erms. It also is the re- 
ciprocal of the quantity m used in th i 
Appendix. If B,, is the maximum fl 
density corresponding to the applied volt: 
age Erms the relation is, 


m Bs “| 


As the fundamental component is in) 
general the useful component of the re- 
actor current, the ratio p of the funda-_ 
mental to the total rms current is indica- 
tive of the effectiveness of the reactor. 


The ratio p is plotted in Figure 2 for 
values of of zero, five, and infinity. As. 
can be seen, the fundamental component 
of the total exciting current is relatively 
large. 

When the applied voltage is increased 
the duration of the current pulses in- 
creases as well as the peak value. Figure 
3 is a plot of the pulse duration in de- 
grees for n equal to zero, five, and in- 
finity. 
One of the problems encountered in the 
use of a closed iron core reactor operated 
in the neighborhood of saturation is the 
high inrush current which may flow when 
voltage is first applied. The simplest 


Oscillogram of voltage and current 


Figure 1. , 
for closed core reactor (s=1.11, n=3.6) 
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Figure 2. Ratio of fundamental to total 
current as a function of the excursion beyond 
core saturation 


method of controlling the inrush is to use 
a series resistor. This not only limits the 
magnitude of the inrush, but decreases 
the duration of the transient. Fortu- 
nately, the resistor may have a value 
considerably greater than the air core re- 
actance and still only produce a moderate 
reduction in the fundamental component 
of reactor current. Figure 4 indicates the 
per cent reduction in fundamental current 
produced by changing from a negligible 
resistance to values several times the air 
core reactance. It takes a resistance four 
times the reactance for s=1.25 and six 
times the reactance for s=1.11 to reduce 
the fundamental component to half its 
This rather surprising 
result is due to a compensating variation 
As R, and there- 
fore Z, is increased, K, increases simul- 
taneously. This is illustrated clearly by 
Figure 5 where values of K, are plotted 
for several values of m. For a value of 
s=1.25, the fundamental component 
would be more than doubled by changing 
the ratio of resistance to reactance from 
zero to five, even though the total im- 
pedance Z were kept the same. Figure 


PULSE DURATION-DEGREES 


iA 12 [e-} 
S=i/m 


Figure 3. Duration of current pulses as a 
function of the excursion beyond core 
saturation 
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Figure 4. Per cent reduction in fundamental 
current due to addition of series resistance 


6 illustrates the modification in pulse 
shape and amplitude produced by the 
variation in ratio n, for constant total 
impedance and s=1.25. Proceeding from 
n=(0 to n= © the pulse shape varies from 
a sinusoidal segment cut from a sine 
wave lagging 90 degrees by a line parallel 
to the time axis, to a sinusoidal segment 
cut from a sine wave in phase with the 
voltage by a line perpendicular to the time 
axis. 

The pulse shape for n=3.33 illus- 
trates an intermediate step between the 
two extremes. The large increase in 
pulse amplitude with increasing n as 
shown in Figure 6 is the physical process 
behind the corresponding increase in Kp. 
This effect is large for values of s in the 
neighborhood of unity and decreases with 
increasing s. 

The angle of lag a of the fundamental 
current is a function of s as well as the 
ratio of resistance to reactance ». When 
the resistance is negligible, the current will 
lag the applied voltage by essentially 90 
degrees for all values of s. As the resist- 
ance increases, the angle of lag decreases, 
although the decrease is small for small 
excursions beyond saturation. Figure 7 
is a plot of the percentage value of the 
quadrature component of fundamental 
current for several values of n. 


13 14 15 16 
S= I/m 


A 12 


Figure 5. Variation of Kr with magnitude of 
excursion beyond core saturation 
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Figure 6. Variation of form and amplitude 

of a current pulse with ratio of resistance to 
reactance for s=1.25 


Test Data 


The test results presented in this sec- 
tion were made on closed core reactors 
built for use as part of an induction motor 
starting installation. Due to a very weak 
supply line, a large block of shunt capaci- 
tors was required to compensate for the 
motor lagging kilovolt-amperes drawn 
during starting. This led to the problem 
of limiting the voltage rise in the short 
interval required to switch the capacitor 
bank after the motor came up to speed. 
The delta-connected reactors were per- 
manently connected in parallel with the 
delta-capacitor bank and were designed 
to draw negligible kilovolt-amperes at 
the starting voltage, but to draw sufficient 
kilovolt-amperes after motor start to 
limit the line voltage to acceptable values 
until the reactor-capacitor combination 
could be switched off the line. 

An unyoked core and coil assembly is 
shown in Figure 8. The rectangular sec- 
tion Hipersil core is built with 45-degree 
angle alternate butt and lap corner joints. 
Rectangular single layer coils are mounted 
on each leg. The narrow window opening 
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Figure 7. Per cent quadrature component of 
fundamental current as a function of the ex- 
cursion beyond core saturation 
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and relatively long core legs permitted the 
coils to cover a large percentage of the 
iron circuit. A completely assembled core 
and coils with terminal board for tap ad- 
justment is shown in Figure 9. Two of 
these core and coil units are operated in 
parallel in a single tank. Figure 10 is a 
front view of the complete unit showing 
the pothead type entrance chamber. Not 
visible is the series resistor chamber 
mounted at the back of the tank. 

~The test data were obtained by analyz- 
ing oscillograms similar to Figure 1. 
Test values of Ky indicated in Figure 11 
are in fair agreement with the calculated 
curve. In this test the voltage was main- 
tained constant and the series resistance 
varied. 

In this simplified method of analysis 
the impedance has been assumed infinite 
below saturation. The test values would, 
therefore, be expected to deviate more for 
values of s in the neighborhood of unity. 
Although this is true, Figure 12 indicates 
the deviation is only moderate for small 
excursions beyond saturation. 

The operating curve for the complete 
reactor is shown in Figure 13. The volt- 
age designated as 100 per cent is the 
nominal motor voltage at starting and 
corresponds to core operation slightly be- 
low saturation. The sharp transition at 
saturation is the basic characteristic of 
this type of reactor. At 110 per cent 
voltage the fundamental kilovolt-amperes 
is over 400 per cent. The steep slope of 
the curve above saturation is important 
in that it tends to stabilize the operating 
voltage limits for fluctuations in system 


conditions. The incremental ratio of 


fundamental kilovolt-amperes at 115 per 
cent voltage is over 5 kva per volt. 


Figure 8. Unyoked core and coil assembly 
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Appendix 


The performance of an iron core reactor 
may be analyzed by replacing the saturation 
curve with a pair of straight lines as shown in 
Figure 14(A). This will result in two cur- 
rent regions corresponding to the two 
slopes.2. If, however, infinite impedance 
below saturation is assumed, the saturation 
curve will be approximated by Figure 14(B). 
There will then be a single current region, 
and the current will have the form of dis- 
crete positive and negative pulses. If we 
assume steady-state operation and take @; to 
be the angle at which the current reaches 
zero following a negative current pulse and 
@) the angle at which the next positive cur- 
rent pulse is initiated, then the positive pulse 
will last till r+6@,. The current due to a 
voltage Em sin wt applied to a series resist- 
ance R and reactance X at phase angle 6 
has the form, 


Figure 9. Complete core and coil assembly 
with terminal board mounted in position 


R 
(wt —62) 


> Em ‘ mR 
aor sin (wt— 8)+Te - (1) 
where 


Z=VR +X? 


xX 
B= tan! (3) 
R 


The two current conditions are that 7 must 


be zero at 6 and r+6;. These yield, 
I= ——" sin (6.8) (2) 
= +01 — 62) E. 
— <(rth — 62 
Te * =— = sin(r+A—8) (3) 


The third condition is that the flux den- 
sity change in going from 6, to @ must equal 
twice the saturation flux density By. The 
flux density due to Em sin wt has the form, 


B=B, sin i= 
(.!-7) «) 


The flux density relation is, therefore, 
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Figure 10. Complete reactor unit with pot: 
head-type entrance chamber ; 


x 


sin («-2)- sin (o.-Z)=2m (5) 


where m=B;/Bm. 


FS) 


b 


The quantity m also is the ratio of the 
voltage necessary to bring the core to 
saturation to the actual applied voltage. — 
Substituting equation 2 into equations 1 and — 
3, : 


R 
+= = sin (w,— 8)— sin (@.— Alene a 
(6) 


R 
x(n +h — 82) 


sin(@.— B)e = sin(a+—B) (7) 


The two unknown 6; and 2 in equation 6 
can be evaluated using equations 5 and 7. 
For values of wt between 6 and r+6; equa- 
tion 6 plots a positive current pulse. 


Special Case RSX 


If we assume R large enough to make the 
value of the exponential in equation 7 
approximately zero, we have, 


sin (r+0,— 8)=0 4=6 (8) 


From equation 8 and equation 5, 


sin («-2)- sin (0~2)=2m (9) 


42 = cos~! [cos B—2m] 


For this case, equations 8 and 9 provide 
explicit expressions for 0; and 62 and equa- 
tion 6 expresses the positive pulse of current 
from 62 to 6;-++7. 

The approximate expressions for the total 
rms current and the rms value of the funda- 
mental component are given by, 


Em 
Tp rms— > =X ‘ 
Une 7 = 


\ (w+ 8—62)-+ sin 2(.— al cos 28— 


1 
AG sin? (@:— 8)[ tan 6—2 sin 28] 
~ (10) 
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Figure 11 (left). 


Comparison _ of 
test values of Kr 


with theoretical 


curve. Variation 


of Ky with n for 
s=1.19. (Test 


values indicated 


by circles) 


(a+ B—02)*+(4+ B—62) (sin 262.— 
sin 28)+ sin? (@.+ 8)— sin 28 sin 26. 


(11) 
These equations can be written, 
Wa 
(I7)rms= Kr X— (12) 
Z 
Erm: 
(Ip)rms = Ky X a (13) 


1 
ems 


(w+ B—62)+ sin 2(0.— 8) cos opt |+ 


sin? (@.— 8) [tan B—2 sin 28] 
(14) 


(a+ 6—62)?+(2+ 8—O2) (sin 26.— 

sin 28)+ sin? (6.+8)— sin 28 sin 26, 

(15) 

The approximate angle of lag of the funda- 

mental component behind the applied volt- 
age is given by, 

a =tan'! xX 
(r+ B—6) sin B+ sin 02 sin (0.+ B)— 
sin B sin 28 


(r+ B—62) cos B+ sin 62 cos (42+ 8)— 
sin B cos 28 


(16) 


Figure 12. Comparison of test values of Kr 
with theoretical curve. Variation of Kr with 
s for n=3.6 (Test values indicated by circles) 
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Special Case R=0 (n=0) 
For R=0, B=7/2 and equation 7 yields 


° Tv A wT 
sin («-5)- — sin (0-2) 


6,=17—98, 


(17) 


while equation 6 becomes, 


900 


700 


500 


% FUNDAMENTAL K.V.A. 


300 


100 


90 100 Ho 120 130 
% NORMAL VOLTAGE 
Figure 13. Operating curve of closed core 
reactor 


Substituting equation 17 into equations 5 
and 18, 


. 7 

sin (0- =) =m 

En 5 1 *) | 
=——| sin | 

4 xX $s (3) 2 m 


Equation 20, therefore, represents the 
positive pulse of current between 6 and 
a+6,. The angles 6; and 6 are determined 
from equations 17 and 19. 

As in the previous case, the total and 
fundamental currents can be written, 


(19) 


(20) 


1 Sess 

(Ip )rms = Ky X xX (21) 
iors 

(Ir )rma= Kr XS (22) 


H H 
(A) (B) 


Figure 14. Straight line approximations to 
saturation curve 


1 
(2(4 —62)+ sin 262 | 


Tv 


Kr (24) 


Special Case X=0 (n= ~) 


For X=0, B=0 and equation 7 yields, 


sin (1+) =) (25) 
at =(0 
while equation 6 becomes, 
E 
i=— sin wt (26) 


Using equation 25 with equation 5 we 
obtain, 


0.= cos~1(1—2m) (27) 
Equation 26, therefore, expresses the 

positive pulse of current from @ to #+7. 
Again in this case, we can write, 


Exms 

(I7)rms = Kr X R (28) 
Erms 

(Ip )rms = Kr X (29) 

R 
1 We 
Kr= FeV An 62) + sin 26, (30) 
Tv 


RRR k AGO 0 sin 262) sin 762 
Tv 
(31) 


The angle of lag of the fundamental com- 
ponent is, 


1— cos 262 | (32) 


= tan!) —————_—__- 
7 c= sin 20, 
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A New 5,000-Volt Air-Break Contactor 


for Industrial Service 


LEON J. GOLDBERG t 


MEMBER AIEE 


Synopsis: This paper describes a line of 
air-break contactors made for controlling 
100-horsepower to 3,000-horsepower motors 
on 2,400-, 4,160- and 4,800-volt systems. 
The design features compactness, accessi- 
bility, and long life. The arc-rupturing 
structure has a magnetic blowout and an arc 
chute which confines and interrupts the are 
entirely within its boundaries for all currents 
which it is rated to interrupt. 


Application 


NDUSTRY has steadily been expanding 

its use of high-voltage motors and has 
broadened its requirements for controlling 
them safely, conveniently, and eco- 
nomically. Many of these motors are 
started directly across the line and run at 
a single speed but there is a substantial 
use of various combinations of full or re- 
duced-voltage start, single or multiple 
speed, reversing or nonreversing and with 
or without dynamic braking. Typical 
applications are drives for rubber mills, 
plastic mills, large air compressors, hy- 
draulic system pumps, and mine hoists. 
Sizes of motors that are typical and which 
can be controlled by this new line of con- 
tactors run from 100 horsepower to 3,000 
horsepower. 


Special Requirements 


Controllers for these motors, besides 
providing the basic functions of starting, 
stopping and running control, must give 
a much more nearly complete protection 
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against overloads and faults than had 
been expected from older and smaller 
equipments. This is a consequence of the 
greater potential damage that faults can 
cause on large and stiff power systems as 
compared with small and soft systems 
that were formerly more often encoun- 
tered and to a greater recognition of the 
potential damage that can result from 
equipments that do not render complete 
fault protection. An equipment that 
contained components which would be 
damaged on high fault current, even 
though the component intended to in- 
terrupt the fault did so successfully, would 
be dangerous. Likewise, modern in- 
dustry has more severe requirements as to 
life, compactness, and ease of mainte- 
nance. These conditions follow from the 
greater variety of uses of large motors, 
many of which start and stop frequently 
and often have to do so within prescribed 
starting and stopping times. With the 
greater variety of applications, many con- 
trollers are located close to factory pro- 
duction areas where space is expensive and 
where outage time, and the labor of main- 
tenance must be kept to a minimum. 


Limitations in Former Equipments 


Formerly, many controllers for high- 
voltage motors were built with either 
circuit breakers or. oil-immersed con- 
tactors. The new contactor overcomes 
the deficiencies of both these devices in 
meeting specific requirements. The cir- 
cuit breaker, being designed for entirely 
different purposes, has some qualities that 
are not required for motor control and 
lacks very important ones that should be 
required. Specifically, the circuit breaker 
has short life in terms of number of opera- 
tions and is difficult to maintain. The 
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re 


cent the contact life of an equivalent air. 
break contactor, is very messy to ma 
tain, and has certain hazards associated 
with the oil. The simple forms of oil 
immersed contactors usually do not have” 


adequate ability to interrupt or withy 


stand fault currents to the degree re- 
quired to make a controller completely” 
integrated and safe. The larger and mo 


| 
complex oil-immersed contactors are not~ 


compact. All of these limitations have 
been overcome with the new contactor. 
It is as compact as the smallest oil-im-— 


mersed contactors that are available; it) 
has long life, both in its magnet and me-) 
chanical parts as well as in contacts and 


other electrical parts; it is easy to in- 


BA) 


| 


spect and to maintain and it has abilities” 
to interrupt and to carry current such that © 
it may be part of a controller fully in-_ 
tegrated to give itself and its associated - 
equipment complete protection from the 


smallest overload to the maximum for 
which it is rated. 


Description of Structure 


Figure 1 is a 3-pole contactor for 5,000 
volts and 200 amperes. The three poles 


are side by side and adjacent to a magnet. 


Similar construction is used for 2-, 4-, or 
5-pole forms. The moving parts con- 
stitute a single structural assembly 


Figure 1. 
200 amperes, 3-pole form, with d-c magnet 


Air-break contactor 5,000 volts, 


AIEE TRANSACTIONS 


with 


Figure 2. Representative controller 
current-limiting power fuses for rubber-mill 


service. Contactors provide full-voltage re- 

versing contro! with dynamic braking. The 

reverse direction contactor and dynamic brak- 

ing contactor are in a single combined 
structure 


mounted on sealed, precision type self- 
aligning ball bearings. The stationary 
structure is basically made from sturdy 
steel side plates tied together by four 
substantial channel shaped steel beams. 
The electrical stationary parts are in- 
sulated from this steel frame by pedestal- 
type heavy-duty-type insulators. The 
arc rupturing structure on each pole con- 
sists of a pair of arcing horns or runners 
connected to the renewable contacts and 
associated with an arc chute and mag- 
netic blowout. The magnetic blowout on 
each pole contains a double-section coil, 
one section of which carries line current 
whenever the contactor is closed, and one 
section of which carries line current only 
when the arc has started to progress along 
the arcing horns and is about to be ex- 
tinguished within the chute. The method 
of accomplishing this is illustrated in 


4-TURN COIL 


oF , 


CONTACTS CLOSED; CONTACTS PARTLY 
Sonne CARRIED OPEN; CURRENT 
BY HEAVY 4-TURN FLOWS THROUGH 
BLOWOUT COIL. 4-TURN COIL, 

; PRODUCES FLUX ION TO 4-TURN 
ae FORCING ARC UP- COIL. 
WARD. 
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ARC TRANSFERS TO. 'ARC” EC CISHED 
ARC HORN, CURRENT RAPIDLY BY 

FLOWS THROUGH 22° INCREASED 

TURN COIL_IN ADDIT MAGNETIC FIELD. 


Figure 3. The advantage of the double- 
coil design is that there is always a strong 
field ready to move the arc off the con- 
tacts onto the are horns as soon as the are 
is first formed, and then there is an extra 
strong field which appears only when an 
arc is already formed between the horns 
and which is available to force the arc 
to move very rapidly and extinguish in- 
side the chute. Since the extra field 
strength is set up only when needed, be- 
cause the current flows in the section of 
the coil providing this increased strength 
of field only during the interrupting 
period, a very strong field can be provided 
without making a structure big enough to 
carry the current continuously. 


The are chute is one which causes the 
arc to be confined and extinguished within 
its boundaries under all circumstances. 
The structure of the chute is relatively 
small. The chute is symmetrical and may 
be mounted in either of two positions, and 
the internal parts of the chute are sepa- 
rately renewable. The chute is withdrawn 
approximately straight forward for in- 
spection. It mounts without the use of 
bolts or fasteners. 


The contacts of this contactor are of 
the single-break type. Usually in a con- 
tactor interrupting more than low volt- 
ages, even though the contacts may be of 
the double-break type, the arc takes the 
form of a single arc between arcing horns 
prior to its extinction. Consequently, 
there is no advantage so far as interrup- 
tion is concerned in having more than a 
single-break. There are, however, two 
very important advantages to having 
single-break contacts. For a given size 
of magnet, with its associated impact and 
wear, greater contact force or greater wipe 
and depth of wear allowance can be pro- 
vided for each contact when there is only 
single-break. Furthermore, the single- 
break type of construction lends itself 
readily to contacts having rolling wipe 
movement. In this form of contact move- 
ment the contacts come together at a zone 
of initial contact when they first touch 
in closing and roll to another zone of final 
contact as the magnet seals, see Figure 4. 
They traverse these zones in reverse order 
when the contactor opens. This means 
that the arcing area and the carrying area 
on each contact are in separate positions. 


2 


Figure 3. Action of 2-sec- 
tion blowout coil in auto- 
matically providing increased 
field strength when arc is on 
the arcing horns. Heavy lines 
indicate current path 
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CONTACTS FIRST TOUCH ATA 
WHEN CLOSING OR PART ATA 
WHEN OPENING. 


CONTACTS WHEN agen CLOSED 
CARRY CURRENT AT B. 


PRYING ACTION AS CURRENT CARRYING 
ZONE TRAVELS FROM A TO B RESISTS 
WELDING. 

Figure 4. Action of contacts having rolling 
wipe, showing transfer of current-carrying zone 
and mechanical action that resists welding 


Thus, the current carrying area maintains 
a cleaner and smoother surface which 
gives it greater current carrying ability. 
Contact area is distributed over large 
sections of metal, and greater volume of 
expendable contact material can be pro- 
vided by a magnet of a given size than 
with double or multiple breaks because 
the magnet has to wipe-in a smaller num- 
ber of contacts. Moreover, this type of 
contact can be made from copper which 
has both reasonably good ability to resist 
welding and to carry current. Where 
special alloys have to be used in contact 
faces, it is very difficult to find one that is 
both able to resist welding and to carry 
current without excessive temperature 
rise. 

The flexible shunt associated with each 


Figure 5. Configuration of current path 
through flexible shunt, showing effect in 
minimizing magnetic forces to open contacts 


MOVABLE CONTACT 


FLEXIBLE 


A AND B ARE RIDGIO CONDUCTORS. 
C ARE INSULATION SUPPORTS. 
FORCE ON FLEXIBLE SHUNT IS 

IN DIRECTION OF ARROWS. 
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Figure 6 (above). View showing arc chute sides and V-shaped barriers 


Figure 8 (right). Action of the components of an arc as it moves under 
the influence of a magnetic blowout field 


pole on this contactor is confined by 
sturdy insulation so that it cannot reduce 


ARCING HORN 
(| gt? 
| ARG 


ii 


POSITIVE IONS MOSTLY GAS PARTICLES 
WITH ELECTRONS KNOCKED OFF 


aS 


| © = NEGATIVE ION, MOSTLY ELECTRONS 
| 
Leen | | © = NEUTRAL GAS PARTICLES 
G@0G059% 0% %% | 
0 OY 098-09 o 
pC —— A | NO BLOWOUT FIELD 


| ARC IS COMPOSED OF APPROXIMATELY EQUAL | 
| | NUMBERS OF ELECTRONS AND POSITIVE IONS. | 
| | VOLTAGE DROP IS LOW. ELECTRONS MOVE i 
—~ RAPIDLY TO LEFT. POSITIVE IONS MOVE | 

SLOWLY TO RIGHT. o ; 


NEW POSITION 
“ ABOUT TO BE 
OCCUPPIED BY ARC 


[| BLOWOUT FIELD AT RIGHT ANGLES TO PAPER. 
ELECTRONS MOVE RAPIDLY UPWARD BY 


pete Se ee = MAGNETIC FIELD AND TO LEFT BY ELECTRIC 
Z GRADIENT. ELECTRONS IONIZE GAS IN NEW 
Te LOCATION. POSITIVE IONS IN OLD LOCATION 
a ae MOVE. VERY SLOWLY. 
— ae S ee | 
see 
ARC IN ITS INITIAL 
POSITION 


POSITIVE 1ON SPACE CHANGE IN OLD | 
| LOCATION CAUSES ARC TO EXTINGUISH. 
| | ELECTRONS IONIZE FRESH GAS IN NEW 

| LOCATION PRODUCING ARC DISCHARGE 

WITH LOW VOLTAGE DROP. 


are alternately along its length solid sur- 


or portions of them integral with the side 


effective electrical clearance. The shunt 
is part of a circuit so arranged as to pre- 
vent the magnetic forces due to current 
within it and the other conductors from 
building up strong opening forces on the 
contacts. 
tion. 


Figure 5 illustrates this ac- 


Theory of Interruption 


faces and open spaces. The particular 
construction used to accomplish this is an 
assembly consisting of two side pieces 
which form the general support and arc 
enclosure, and a set of V-shaped barriers 
placed in the chamber formed by the two 
side pieces. Figure 6 illustrates this. 
The barriers, made of phosphoasbestos, 
are intended to be inert refractory in- 
sulators. 


In fact, small are chutes have 
been made exactly this way and in these, 
the barriers take the form of ribs on the 
arc chute sides. In the large chute, how- 
ever, separate barriers make possible 
better control of shape and thickness of 
the surfaces exposed to the are and more 
economical renewal of parts. 

In understanding how the chute acts to 


pieces. 


a F , terruption is 
The are chute for this contactor con- Pp 


sists essentially of an array of refractory 
insulators so arranged as to present to the 


Figure 7. Configuration of current path through blowout coil, contacts, 


arcing horns, and arc; showing successive positions of arc under in- 
fluence of the magnetic blowout field 


CURRENT 
| PATH 
|BLOWOUT : 
| CORE BLowouT 


ARC MOVES IN DIRECTION 
OF ARROWS. EACH PART 
MOVES AT RIGHT ANGLES 
TO ITSELF & TO THE 
BLOWOUT FIELD. 
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Functionally, so far as are in- 
concerned, it 
equally satisfactory to make the barriers 


extinguish the arc, it is essential to con- 
sider the progression of an are within an 
arc chute associated with arcing horns and 


would be 


Figure 9. Oscillogram of interruption at 5,300 volts and 6,730 amperes 
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(average of three phases), initial current in the arc, amperes rms 


6400 VOLTS 


3 PHASE SHORT CIRCUIT AT 5300 VOLTS, 6O CYCLES 


A- CURRENT IN PHASE 1 (5700 AMPERES, RMS, INITIAL IN ARC) 
8- CURRENT IN PHASE 2 (6900 AMPERES, RMS, INITIAL IN ARG) 
C~ CURRENT IN PHASE 3 (7600 AMPERES, RMS, INITIAL IN ARC) 
O- VOLTAGE ACROSS CONTACTS IN PHASE 1 
F- VOLTAGE ACROSS CONTACTS \N PHASE 2 
H- VOLTAGE AGROSS CONTACTS IN PHASE 3 


AIEE TRANSACTIONS 


| 


| 


| Table | 


i 


} 8-Cycle Momentary 
Current- Withstand Current 
'8-Hour Carrying With Current- 
Current- Amperes, Limiting Fuses, 
Carrying — Rms, Amperes 
Amperes Asymmetrical Peak 


ja magnetic blowout. Figure 7 indicates 
by outline the arrangement of blowout, 
arcing horns and other parts, and succes- 
Sive positions of the arc in an arc chute 
with magnetic blowout. In determining 
the direction in which the are will move 
from one position to successive positions, 
the 3-finger rule* that is used in connec- 
tion with a solid conductor carrying cur- 
‘rent in a magnetic field is often applied. 
Because of this, it is sometimes concluded 
that the arc moves in the same manner 
that a solid conductor does. This is not 
so. The are consists of a body of hot gas, 
ionized particles, and electrons. Under 
the influence of a transverse magnetic 
field, the electrons, because of their mo- 
bility, move very much more rapidly than 
any of the positive ions. When the elec- 
trons are removed from the original loca- 
tion, the body of heated air and ionized 
particles that remain there can no longer 
conduct at a low voltage drop. The elec- 
trons in the new position now adjacent to 
‘the old one, establish a new body of ion- 
ized heated particles in which the positive 
ions and electrons set up a voltage dis- 
tribution that is characteristic of an arc. 
This is how an arc progresses. The sig- 
nificant point is that what moves directly 
under the influence of the magnetic field 
is a locus of conduction and that in each 
position of this locus, a new body of air is 
taised to a high temperature, while in 
each old position a hot body of air is al- 
lowed to cool to a lower temperature. 
Within the heated body of air, elec- 
trons, and ionized particles that constitute 
the arc, there is a central cross-section 
called the core that is at a temperature 
from 6,000 to 10,000 degrees centigrade. 
It is known from many studies of ares and 
gas ionization that for air at normal pres- 
sure the core of an arc must be at this 
temperature range or the air can not be 
sufficiently ionized to carry current at the 
low voltage drop that is the distinguishing 
characteristic of an arc. Surrounding the 
core of the arc is a luminous body of air at 
a temperature below 6,000 degrees centi- 
grade. Surrounding it is air at still lower 
temperatures. In a moving arc, the air 
outside the luminous part, say at a dis- 
> 


a 


*Fleming’s left-hand rule for motor action. 
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tance equal to the diameter of the core, 
might be in the vicinity of 500 degrees 
centigrade or less. Although it appears 
that the main portion of the are moves 
continuously without discrete steps, con- 
sider what happens over a small finite in- 
terval of time during which the arc has 
moved a finite distance from one locus to 
a second one nearby as illustrated in Fig- 
ure 8. At the moment that the arc is in 
the first locus, the air occupied by the core 
of the arc is in the vicinity of 7,500 de- 
grees centigrade and the air in the second 
locus which the are is about to occupy is 
in the vicinity of 500 degrees centigrade. 
At the end of the time interval under con- 
sideration, the air in the second locus 
suddenly has been raised from about 
500 degrees centigrade to about 7,500 de- 
grees centigrade. Thus, in accordance 
with the law of thermodynamics of gases, 
PV=RT, the initial tendency after the 
transfer of the arc from the first locus to 
the second is for the air in the second locus 
to rise from a pressure of one atmosphere 
to about ten or more atmospheres and, 
consequently, to start to expand. If the 
are chute consists of solid walls adjacent 
to the arc, the air expanding from the core 
of the arc in the second locus reflects back 
from these walls and momentarily forms 
a dynamic sheath which spaces and in- 
sulates the core of the are from the solid 
walls. If, however, the walls are not solid 
but intermittently open, the gases ex- 
panding from the core of the are opposite 
these openings escape. This makes 
breaks in the sheath around the are. 
Portions of the arc near these breaks come 
closer to the solid walls of the chute and 
are rendered non-conducting by pro- 
cesses associated with the cool walls. It is 
this greater effectiveness in cooling the arc 
or portions of it to below the critical range 
of temperature in the vicinity of 6,000 
degrees centigrade that makes this chute 
effective. The V-shaped cross-section of 
the chute into which the arc is forced 
makes this process take place gradually as 
the arc approaches the vertex of the V. 
The process of breaking the sheath 
around the are by the type of structure 
described may be called ‘‘lateral vent- 
ing,’ and the chute may be described as 
“Yaterally vented.” There are two in- 
teresting things worth noting. First, so 
long as the chute is effective in extin- 
guishing the arc, no part of the core of the 
arc passes beyond the apex of the ‘‘V” 
in the arc barriers. Secondly, there is no 
attempt to lengthen the are to anything 
more than the straight-line distance be- 
tween the arcing horns at the level of the 
apex of the “V’. While this arc ex- 
tinguishes the arc compactly compared 
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with any other arc chute, it is interesting 
to speculate on the idea that if the chute 
could cool the are to well below ionization 
temperatures with very great efficiency, 
the length of the are would not have to be 
greater than the space required to with- 
stand breakdown of cold air with the same 
voltage. 


Ratings 


VOLTAGE 


The contactors have a nominal rating 
of 5,000 volts. They are used, within 
stated limits, on systems of nominal 
utilization voltages of 2,400, 4,160, and 
4,800. The maximum actual voltage for 
which these contactors are rated is 5,280. 
This permits their usage on systems of 
nominal rating of 4,800 volts with 10 per 
cent plus tolerance. Although this toler- 
ance is greater than that listed in the 
Edison Electric Institute—National Elec- 
trical Manufacturers Association report 
on preferred ratings! it is realistic at the 
present time, because there are substan- 
tial systems operating at this voltage. 


INSULATION 


The insulation of these contactors are 
made to withstand the standard NEMA 
test values for control? of 13,250 volts at 
60 cycles and 60,000 volts at impulse. 


CURRENT CARRYING 


Forms are available having 8-hour cur- 
rent carrying ratings as shown in the first 
column of Table I. These forms have 
abilities to carry current as listed in the 
second column, without major damage, at 
any voltage up to 5,280, for any time 
however short but not more than 0.133 
second. The contactors carry currents 
listed in the third column for the required 
length of time when used with suitable 
current-limiting fuses. 

All forms may be used in controllers 
having suitable fuses for interrupting 
short-circuit current, and other properly 
co-ordinated accessories, and will safely 
carry the maximum current that a 3- 
phase system of listed capacity can furnish 


Table Il 
8-Hour Amperes, 
Current Kva Rms, 
Rating, Sym- Sym- 


Voltage Amperes metrical metrical 


Bene 200.....25,000....6,000 


2,500 maximum 
Ans OR 400.....25,000....6,000 


2,200 minimum 
4,800 nominal 


2,400 nominal ' 


DOORS 200.....25,000....3,500 


5,280 maximum 
aa 400.....35,000....4,850 


4,160 minimum 
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to the controller for the length of time 


permitted by the fuses. 
System 3-Phase 
Available Short-Circuit 
System Voltage Capacity, Kva 
2,400 nominal | 
2600 maxims oi aic neared ver Be 150,000 
2,200 minimum j 
4,400 nominal 
§,280. maximise & cs reece ccrorers 250,000 
4,160 minimum j 


INTERRUPTING 


Interrupting ratings are based on actual 
tests at about eight per cent power factor 
with static air corereactorloads, Thistype 
of test is representative, with suitable mar- 
gins, of fault conditions that the con- 
tactors might be exposed to, Under nor- 
mal operation conditions these contactors 
would interrupt motor loads. These are 
very much less severe, and are interrupted 


in much shorter are time. Table II is for 
3-phase circuits. The maximum rating is 
the listed kilovolt-amperes or amperes, 
whichever is smaller. In order to utilize 
a uniform method of applying these con- 
tactors to a large variety of power sys- 
tems, the interruption ratings are ex- 
pressed in terms of the symmetrical com- 
ponent of interrupted kilovolt-amperes or 
rms amperes with the understanding that 
the rating includes an ability to interrupt 
a fault of that symmetrical component 
plus the worst offset that would be en- 
countered, In establishing this rating an 
offset multiplier of 1.6 was used. 


Table Ill 


Contactor , 


8-Hour Current 2,200-2 ,400 
Rating, Amperes Synchronous 
1.0 p 0.8 p 
2OOF alas aioe salto > 900 yee TOO eictese tec 
BOD rn cate aks sion Lipik Oc reiota seta DOs ete taene 6 


Motor Rated Voltage 


Induction 


HORSEPOWER 


Table III lists the n 
power 3-phase motors 
form contactor is rated. _ 
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No Discussion 
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he Selection of Field Circuit Resistance 


for Synchronous Motors 


W. A. THOMAS 


MEMBER AIEE 


Synopsis: The first three sections of this 
paper present a brief description of the 
methods presently employed by synchro- 
nous motor designers to control the starting 
performance and select the field discharge 
resistance. Subsequent sections propose a 
system whereby the designer or the user of 
a synchronous motor may change the start- 
ing performance through selection of the 
proper field circuit resistance. 


HE starting performance of salient 

pole synchronous motors has been 
given much study by designers and users 
of these machines. However, only a few 
comprehensive articles appear in the 
literature on the subject. Fechheimer! 
published the first study of the starting 
characteristics of synchronous motors in 
1912. Since that time others have ex- 
tended these studies in keeping with the 
developments in synchronous machines. 
As the theory developed, it became more 
and more involved with the numerous 
factors which are now known to enter into 
the prediction of synchronous motor per- 
formance. The result has been a maze 
through which only those well versed in 
design have found their way. 

After fabrication of the motor is com- 
plete, the application engineer has avail- 
able only a limited number of external 
factors with which to control the per- 
formance of the machine. Among these 
are the terminal voltage to be applied on 
starting (including both the method of 
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reducing the starting voltage and the 
value necessary to compensate for such 
factors as line voltage drop and system 
capacity), the exciter voltage, the field 
rheostat, and the external field circuit re- 
sistance. Of these items little information 
is available concerning the selection of the 
external field circuit resistance. As will 
be shown, the external resistance in the 
field circuit may be of considerable im- 
portance in the starting performance of 
synchronous motors. Since this resist- 
ance is one of the variables which the 
user, or the control manufacturer, may 
determine, a system for easily selecting 
this resistance should be devised. This 
paper develops one possible method. 


Synchronous Motor Starting Theory 


The starting period of a synchronous 
motor is defined as the time from the ap- 
plication of voltage of the primary wind- 
ing, at zero speed, until the rotor speed is 
95 per cent of synchronous speed. Prac- 
tically all present day synchronous 
motors operate as squirrel cage induction 
motors during the starting period. As 
with the induction motor, the torque de- 
veloped by the rotor is proportional to the 
inphase component of the rotor current 
and the rotor resistance. The starting 
performance may be varied by the de- 
signer by changing the squirrel cage re- 
sistance and reactance. Low inrush 
kilovolt-amperes and high starting 
torque are obtained with a high resist- 
ance squirrel cage winding having a low 
reactance. This is shown in Figure 1. 

The d-c field winding on the rotor of the 
synchronous motor has characteristics 
opposed to this type of winding. Conse- 
quently, the use of the field circuit as a 
starting winding is undesirable. How- 
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ever, to protect the field winding from 
the high induced voltages realized at 
standstill when line voltage is applied, it 
is customary to close the field circuit 
through a field discharge resistance. If 
this resistance is of low value the power 
factor of the rotor will be low, the field 
being highly inductive, and the inphase 
component of the current will be reduced. 
The use of a high value of resistance in 
the field circuit will increase the power 
factor and the starting torque will be in- 
creased proportionately. 

In either the induction motor or the 
synchronous motor a higher torque is 
realized at speeds near synchronism with 
a low resistance squirrel cage winding, 
see Figure 1. This phenomena may be 
explained as being the result of the reduc- 
tion in rotor reactance at the lower fre- 
quency voltages induced in the rotor near 
synchronism. As a result of this reduced 
reactance, the power factor of the rotor is 
improved, the inphase component of 


current is increased, and the torque, rotor 
I*R, is increased. Since this condition is 
obtained with conditions adverse to the 
conditions for high starting torque, a 
double squirrel cage winding may be em- 
ployed. Windings of this type exhibit the 
speed-torque characteristics shown in 
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Figure 1. Typical induction motor curves. 
Single squirrel cage rotor winding 
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Figure 2. Typical induction motor curves. 
Double squirrel cage rotor winding 


Figure 2. These characteristics result be- 
cause the rotor has a high effective re- 
sistance when starting and a low effec- 
tive resistance near synchronous speed. 

Practice has shown that a synchronous 
motor having a single squirrel cage wind- 
ing and the proper resistance across the 
d-c field may have the same character- 
istics as the double squirrel cage winding. 
In Figure 3 it is seen that increasing Ry. 
(field circuit resistance) flattens the cusp 
of the speed-torque curve and increases 
both the starting and pull-in torques. 

The double squirrel cage starting wind- 
ing, giving low starting kilovolt-ampere 
inrush and good starting, accelerating 
and pull-in torques is an ideal starting 
winding for synchronous motors. The 
use of the proper values of Ry, with a 
standard single cage synchronous motor 
will provide these characteristics at less 
cost in many applications. This results 
because the use of double squirrel cage 
windings increases the first cost of the 
motor and decreases its efficiency some- 
what under operating conditions. The 
decrease in efficiency is due to the extra 
weight and higher leakage caused by the 
added pole face thickness necessary for 
imbedding the double squirrel cage wind- 
ing. 


Limiting Induced Field Voltages 


At the instant of applying the starting 
voltage to the stator of a synchronous 
motor, a voltage induced by transformer 
action appears across the open field wind- 
ing. The value of this voltage is deter- 
mined by the ratio of total d-c field wind- 
ing turns to the effective turns of the 
stator. A large number of turns are often 
necessary in the field winding to obtain 
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sufficient excitation, resulting in a high 
turns ratio and a high induced voltage in 
the field winding. 

This high voltage is detrimental to the 
field insulation, and precautions are es- 
sential in preventing voltages in excess of 
the rating of the insulation. Although a 
sectionalized field winding is sometimes 
employed, the most used provision is a 
field discharge resistor in series with the 
field circuit. An approximate value of 
this resistor may be determined from the 
ratio of the maximum permissible induced 
voltage to the current that is induced in 
the short circuited field on starting with 
rated voltage applied. The resistance 
found is a conservative value which will 
limit the voltage to a value less than that 
taken as permissible. This is partially 
corrected by the general practice of sub- 
tracting the ohmic value of the internal 
field resistance from this conservative 
value 

A somewhat more accurate value may 
be obtained through knowledge of the 
maximum allowable field current (J,) and 
the field impedance (Z;=R,+jXy) at 
rated line frequency. The total required 
field circuit impedance in ohms will then 
be’ 


Zz maximum allowable induced voltage 
7= 


maximum allowable J; 


Zr is composed of the field impedance plus 
the external field resistance (Rye). 
Therefore 


2p =Rpt+jXy 
and 
Rye=Rr—Ry 


If complete design is available on a par- 
ticular class of motors, an equivalent cir- 
cuit** such as is shown in Figure 4 may 
be calculated on a per-unit basis and the 
necessary discharge resistance predeter- 
mined, 

A discharge resistor is generally con- 


Table |. NEMA Classification of Synchronous Motors and Normal Torque Requirements 


peal 


Figure 3. Typical synchronous motor starting 
performance curves 


nected across the field to limit the in- 
duced voltage when the d-c excitation is 
removed. The same resistor used to limit 
the induced voltages on starting may be 
employed in this application provided it 
is of the proper value. This is readily 
checked with the familiar equations for 
d-c transient conditions in circuits con- 
taining resistance and inductance in se 
ries. 


pat ye wretenyz 
t 
where 


e;=instantaneous induced voltage 

V=rated d-c excitation voltage 

Ry and Ly=field resistance and inductance 
respectively } 

Rye =external resistance in series with fiel 
circuit 

t=time after opening field circuit 

e=2.718 


The maximum induced voltage occurs 
at the instant of interrupting the field” 
circuit (at t=0), so the maximum in- 
duced voltage becomes simply 


Power Factor and Horsepower 


Speed, Rpm 


Per Cent of Rated Torque 
Locked 
Rotor 


Pull-in Pull-out 


General Purpose Motors 


1.0 PF to 8 incl. 200 HP.............1,800 a eite Serre TLO. Shee eae 
Ly 200614.) 5.1. setelONee eee 
0.8 PF to and incl. 150 HP........... 1 S00 yeh eae so DP att Renoir 
1, 200-5145. eee EIQ A pecte kone 
eh Large High-Speed Motors—514 Rpm and Up 
-0 PF 250-500 HP..... 1, 800-514 : 110 ee 
an ret. et Te, save see se LOS geen 
He BR 200=500UER 22: ee eas 15800-614 S.ree ee. L255 cick «eee 125. ee 200 
TOPPER 600) HPandiun, . 7. eee 1, S00=5145 0 Saber ee Ont she ose 85 . Wes eee 150 
0:'3)PE' 600 HP*and up. .... ss) ee 1} 800-5 14s eke eee TOG Er. ni. hier 100 .. tetse eee 200 
se Low-Speed Synchronous Motors—450 Rpm and Lower 
Atenas co Bee Nae RN oc icata 4.0 Rae eee 30:5 eee 150 
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synchronous motor having a single squirrel 
cage starting winding 


Field Circuit Resistance and Starting 
Performance 


The equivalent circuits referred to in 
the section on Limiting Induced Field 
Voltage present convenient means for 
calculating the performance of synchro- 
nous motors from design or test data. 
There has been no equivalent circuit or 
scheme of calculating motor performance 
proposed which offers an over-all accuracy 
greater than about five per cent. How- 
ever, accuracy within five or ten per cent 
is adequate in modern engineering pro- 
cedure wherein any precision attained in 
the calculations is modified by the de- 
mands of manufacturing, economics, and 
standardization. This philosophy pre- 
vailing, a proposal for the control of syn- 
chronous motor starting performance 
through selection of the field discharge re- 
sistance is presented. 

The standard torque specifications for 
synchronous motors of the National 
Electrical Manufacturers Association are 
shown in Table I. As indicated in these 
tables, all synchronous motors having 
standard horsepower, speed, and power 
factor ratings are in three general cate- 
gories; namely, (1) general purpose syn- 
chronous motors, (2) large high-speed 
synchronous motors, and (3) low-speed 
synchronous motors. These classifica- 
tions are subdivided according to speed, 
horsepower, and power factor ratings. 

If ample quantities of design or test 
data were available to supply the per- 
unit values of each impedance for a syn- 


chronous motor equivalent circuit, an 
average per-unit motor could be deter- 
mined based on an average of the individ- 
ual per unit values from each of a multi- 
tude of motors. Comprehensive data en- 
compassing motors with ratings through- 
out the entire range of National Electrical 
Manufacturers Association classifications 
and subdivisions should be compiled and 
analyzed. If the per-unit values exhibit 
excessive deviation, further subdivision of 
the general classifications will be required. 
The data may also indicate an increase of 
input reactance (and the resulting de- 
crease in starting inrush current and 
torque) with increasing horsepower rat- 
ings and decreasing speed ratings. This 
fact alone may necessitate the further 
subdivisions. 

A comprehensive study of the data will 
result in approximately eight or ten per- 
unit motors. Supplying the per-unit im- 
pedances of each of these average motors 
in the equivalent circuit provides a means 
of calculating the motor performance. 
The torque-speed characteristic is deter- 
mined by assuming values of slip for each 
point on the curve and calculating the re- 
sulting torque in terms of the rotor power 
input. 

To determine the effect of the external 
field circuit resistance on the starting 
performance, it becomes necessary to as- 
sume values of external field resistance 
and then to calculate the resulting torque- 
speed relation. The starting torque and 
the pull-in torque are the most important 
points in the starting period. Therefore, 
a tabulation of the results calculated at 
zero speed (slip=1.0) and at 95 per cent 
synchronous speed (standard pull-in slip = 
0.05) may suffice. The values of external 
field resistance to assume in performing 
these calculations should range from a 
short circuit to a maximum value deter- 
mined by the dielectric strength of the 
insulation. 

The calculation of complete torque- 
speed curves for each value of field circuit 


Table Il. Effect of External! Field Resistance (Rio) on Synchronous Motor Starting Performance 
Starting Pull-in Starting Starting Torque 
Rte Torque Torque Kya Inrush Power Factor Kva Inrush 
JS AES Ree ORT Stee ntrtaets ORBEA ere « heen GROEN os nso WY 6 0.145 
o> 0 CEL Y dice area PALGGE: corte CEL) eee eect cot Ce ais aks 0.1462 
OO os ee GRRE To ee cee Bee Gm eek ie cre ate GSO) Pere tare, Aes OR2BG. an wie eisvars 0.147 
PRS i on vs OREO tek tek te BG I scl Gia os te BObat; oc miaveriener (AG y AR tere a) el 9 /R) 
BEM os ss OP SOG an wists (OS US Reserieaey MEU Kio ices se ee 2G k ciaivinle a es 0.1493 
OU. on oe OEOGiacs. chechuae Deer Reecterc ves sitet OL eininreathc tener (2 1 ee eS 0.153 
Oo a 1030! Ua ey RR ey 1 G2) ahs x alice GROVE ae shicheree Qe G 2h in conceit 0.151 
PIN ys ss cus WCE ae ino TEESE se rcrescsisie is GAO RY erect ORBE Do Pac de ete 0.1528 
PME eoc ais 31818 vie DEOL AI ee ere WAG Bie. os cas BO Ser. BR nis CRAG 2is< Stock, oa 0.1524 
i Se QRQIG Ss ott aa DS oe ays anna 630i aafetaw eres DSA Seige 0.153 
( QRORR Ee. avers De ae Sane GO Vivace ON264.. se 58 0.1548 
ON 6 OOS Pvc cha anfs TF eGOS. shorts aatoe CxO ieee. cones BSZG)e en otis dicta 0.155 
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Table Ill. Effect of External Field Resistance 
(Rre) on the Rotor Current (I) and the Total 
Effective Rotor Resistance (Ror) 


Starting; Pull-in; 

Slip = 1.0 Slip = 0.05 

Rte Rot Ih Rot Dz 

Ol Ree Sa eaaeerarcey: 0.0286 ..5.52 ..0.1465..2.45 
TR sectarian 0.02875. .5.525..0.193 ..2.46 
ORE tases 0.029 2.6153: ..0.236 2.2.4 
ORF rarescpansieasc. 0.0291 ..5.53 ..0.274 ..2.31 
yf > gale Rar 0.02922. .5.54 ..0.3095. .2.22 
BRED Tea alshs tots 0.03015. .5.53 ..0.3595..2.18 
GRE ses cto nian 0.0296 ..5.55 ..0.37 ..2.026 
TRE aes cee 0.0298 ..5.54 ..0.394 ..1.94 

SRe a. seepern 0.03 $3052 '45,200406. 21.9 
SRY pore nae ade 0.0302 ..5.51 ..0.435 ..1.83 
BORG traces «= 0.0304 ..5.53 ..0.461 ..1.743 
ED RG io clety pssst 0.0305 ..5.52 ..0.496 ..1.66 
ZORE. waists ss 0.033 5.53 ..0.63 ..1.345 
IGOR. oes 10.0438) 56450 210.825. .1 06 
Open Field. ..0.0455 ..4.94 ..0.91 ..0.948 


resistance may be advantageous. The 
family of curves so revived may illustrate 
the possibility of using some form of field 
acceleration in the application of syn- 
chronous motors; for example, an ap- 
plication requiring low inrush kilovolt 
ampere and very high starting torque and 
also a very high pull-in torque. These 
conditions are satisfied by utilizing a very 
high resistance and removing it in steps 
as the motor comes up to speed. 


Example of Effect of Field 
Resistance on the Starting 
Performance 


In this section the calculation of the 
effect of changing the field discharge re- 
sistance is applied to a per-unit motor in 
the National Electrical Manufacturers 
Association classification of general pur- 
pose synchronous motor, unity power 
factor. 

The equivalent circuit of Figure 4 was 
utilized because of its relative simplicity, 
and its proved ability and accuracy com- 
mensurate with practical synchronous 
motor design. In lieu of comprehensive 
machine design data from which to de- 
termine average per-unit data, design 
data from a single motor was employed 
for purposes of illustrating the method. 

The results of the computations are 
found in Table II. Analysis of this tabu- 
lated data discloses a number of effects 
produced by changes in the field circuit 
resistance. 

1. The starting torque increases with 
increasing d-c field circuit resistance 
(Rye) because an increasing resistive ele- 
ment in the secondary circuit (Zor) causes 
the total equivalent secondary resistance 
(Ror) to increase, see Table III. The 
equivalent secondary reactance (Xr) at 
the starting frequency remains at essen- 
tially a constant value of a larger order of 
magnitude than the effective resistance. 
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Consequently, the secondary current is 
practically independent of the magnitude 
of the resistance. Since the torque de- 
veloped is proportional to the rotor power 
(I,?Ror), the torque will increase with in- 
creasing Rye. 

2. The starting power factor increases 
with increasing Rye, a consequence of the 
increasing resistance reflected into the 
primary as the secondary resistance is in- 
ereased. 

3. The starting inrush remains essen- 
tially constant until large enough values 
of field resistance exist to increase the in- 
put impedance appreciably. Since the 
effective turns ratio of the sample machine 
is approximately 25 to 1, this effect is not 
appreciable in the normal range of Ry. 

4. The starting torque per kilovolt- 
ampere-inrush factor is indicative of the 
starting efficiency, and is observed to in- 
crease steadily in proportion to the in- 
creasing starting torque. This is be- 
cause of the practically constant inrush. 

5. Table II indicates that the pull-in 
torque is not strictly a function of the 
secondary resistance. At slip frequency, 
the reactance is nearly constant and 
equivalent circuit becomes a fixed react- 
ance in series with a variable resistance. 
The locus of the current in such a circuit 
is a circle having a diameter proportional 
to the value of current when the current 
is lagging 90 degrees behind the applied 
voltage. As the resistance is increased the 
current decreases in magnitude from a 


maximum at 90 degrees lagging to zero 
at infinite resistance. The power con- 
sumed, and consequently the torque of 
the motor, in such a circuit is then a 
maximum at the point where the magni- 
tude of the resistance is equal to that of 
the reactance. The tabular data, see 
Table II, indicates this point to be at an 
external field resistance of approximately 
five times the field resistance. 

6. Also of interest is the magnitude 
of the excursions made by the starting 
and pull-in torque from the rated values. 
The starting torque may be reduced 3 
per cent and increased 21 per cent (from 
the 0.90 design value) by variations from 
short circuit to open field. Over the same 
range of external resistances, the pull-in 
torque varies from 60 per cent below to 
20 per cent above the design value of 
15: 


Conclusion 


The change in starting torque with 
change in field circuit resistance of nor- 
mally-used values is small, the starting 
torque depending primarily upon the re- 
sistance and reactance of the squirrel cage 
winding. However, the field resistance 
does have an appreciable effect on the 
pull-in torque. This indicates that the 
selection of a synchronous motor should 
be determined primarily from the starting 
torque requirements of the load. Then 
the pull-in torque requirements of the 


/) ‘s 
load may be met through control of the 
value of the field resistor. 

The use of the per-unit motor sugges 
in the section on Field Circuit Resistan 
and Starting Performance and the da 
resulting from the calculations of the pr 
ceding section would greatly facilitate 
selection of the correct field cireuit r 
sistance for the synchronous motor. It 
believed that this proposal is the first 
comprehensive scheme of application in- 
formation ever presented for any elec 
machine. Consequently, the intentio 
are to indicate the need for such appli 
tion information and to instigate the pr 
requisite thought for development of 
system of application data which may 
eventually be applied to all types of ele 
tric apparatus. 
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™PHE ADEQUATE evaluation of 


manual methods of artificial respira- 
tion has been hampered by the inability 
to produce prolonged periods of apnea 


| during which a group of methods could be 


appraised comparatively on the same sub- 
jects. Previous studies in this laboratory 
have used fresh corpses and normal sub- 
jects with passively suspended respira- 
tion to obtain such data. However, vital 
circulatory processes cannot be studied on 
the former and, it is generally agreed, the 
latter give inaccurate results because the 
conscious subject can assist or resist the 
manual maneuvers. 

Accordingly, a method has been per- 
fected of producing drug-induced apnea 
for prolonged artificial respiration studies 
on normal human volunteers. This is 
accomplished by the use of intermittent 
injections of intravenous pentothal so- 
dium and curare drugs. The former pro- 
duces sleep and an amnesia for the pro- 
cedure, whereas, large enough doses of the 
curare drugs temporarily paralyze all of 
the skeletal muscles of the body, including 
the diaphragm and respiratory muscles. 
In this state, a subject is provided who 
is unconscious and unable to breathe and, 
thereby, closely resembles one who ac- 
tually requires artificial respiration. 

Using this technique on 50 normal 


healthy adult males, a study was made of 


a number of manual methods and the Eve 


Rocking Method.* Studies have included 


an evaluation of: (1) lung ventilation; 
(2) circulatory effects; (3) fatigue of the 
operator; (4) rate of performance; and 


(5) pedagogical and performance aspects. 


—* Detailed accounts of these studies are to appear in: 


Journal of the American Medical Association, 


Journal of Applied Physiology, and American 


Journal of Physiology. 
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Methods of Artificial Respiration 
Studied 


The methods of resuscitation studied 
included the commonly employed and the 
newer manual methods. (See Figure 1.) 
The Eve Rocking Method is, strictly 
speaking, a mechanical method but was 
evaluated here because it lends itself 
readily to these studies and further com- 
parative data on this method are useful. 
On one group of the volunteers the pole- 
top method of resuscitation also was 
studied. All methods were applied to all 
subjects in each group in order to provide 
comparative data. In this study, all 
methods were performed at a rate of 10 
to 12 complete cycles per minute. 


ScHAFER Metuop (Mop!riep) 


The standard Schafer Prone Pressure 
Method utilizes pressure on the flanks 
over the floating ribs on the prone sub- 
ject to induce active expiration; with re- 
lease of pressure inspiration occurs pas- 
sively. The use of “‘back-pressure,’’ in 
which the pressure is applied over the 
midback (just below the shoulder blades) 
with the fingers spread and the thumbs 
about one inch from the spine, has been 
found to give almost twice as much ventil- 
ation as standard prone pressure. Ac- 
cordingly, in the Schafer Method and all 
other prone manual methods this ‘““back- 
pressure’’ technique was applied. 


ArM-Lirt CHEST-PRESSURE (SILVESTER) 


This century-old method is performed 
with the subject in the supine position. 
The arms are grasped above the wrists and 
drawn first upward and then above the 
victim’s head until they touch the floor. 
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They are then brought back to the chest 
and pressure is exerted in a downward 
direction. 


Eve Rockinc METHOD 


In this mechanical method the victim is 
placed prone on a stretcher and alter- 
nately rocked 45 degrees in a head-down 
position and then 45 degrees in a feet- 
down position. 


ArM-LirT BACK-PRESSURE (NIELSEN 
MeETHOD) 


The Danish Nielsen method is applied 
to the subject who is lying prone with 
both hands resting under his face. The 
arms are grasped above the elbows and 
lifted until firm resistance is met. This 
induces active inspiration. They are then 
replaced and back-pressure is exerted to 
cause active expiration. 


Hip-Lirt BAcK-PRESSURE METHOD 


In this method, the operator places his 
hands beneath the hips of the prone sub- 
ject. The hips are lifted four to six inches, 
which results in active inspiration, and 
are then replaced on the ground. Back- 
pressure is then exerted to cause active 
expiration. A variation of this technique 
is the Hip-Roll Back-Pressure Method in 
which the subject is “rolled” up onto the 
operator’s knee or thigh, followed by 
back-pressure. 


PoLE-Tor METHOD 


This method is used for immediate re- 
suscitation of linemen who are shocked 
while working on the pole-tops. The 
rescuer ascends the pole and places the 
victim astride his own safety belt. He 
then rhythmically compresses the victim’s 
abdomen with both hands while he is 
being lowered to the ground for definitive 
care. 


Paper 51-378, recommended by the AIEE Safety 
Committee and approved by the AIEE Technical 
Program Committee for presentation at the AIEE 
Fall General Meeting, Cleveland, Ohio, October 
22-26, 1951. Manuscript submitted August 15, 
1951; made available for printing September 25, 
1951. 
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Inspiration 


Prone Pressure (Schafer) /903 


Rocking Method (E£ve) /932 


Hip-Lift Back- Pressure 
(Schater-Emerson-/lvy) 1948 


Expiration 


(Courtesy of Journal of American Medical Association) 


Figure 1, 


Results 


LUNG VENTILATION 


Table I shows the results of the various 
methods of artificial respiration on 26 nor- 
mal adult healthy male volunteers ren- 
dered unconscious and totally apneic with 
pentothal and curare mixtures. All of the 
“push-pull’”” methods (Arm-Lift Back- 


2040 


Atrtificial respiration 


Pressure, Hip-Lift Back-Pressure, Hip-Roll 
Back-Pressure, and Arm-Lift Chest-Pres- 
sure) which use a double maneuver result- 
ing in active inspiration and active expira- 
tion are two to three times as efficient in 
getting air in and out of the lungs as the 
Schafer Method. This occurred despite 
the fact that, in this series, the Schafer 
Method was performed with “back- -pres- 
sure” and a spring-off or quick-release at 
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the end of the pressure in order to give 
greater ventilation than with the standard. 
Schafer Prone Pressure. The Eve Rock= 
ing Method (mechanical) gave values in= || 
termediate between the Schafer and the 
“push-pull” manual techniques. 
Silvester (Arm-Lift Chest-Pressure) 
Method gave values as great as the better 
prone methods; however, previous test 
have shown that in over one half of the 
cases the tongue falls back into the throat 
and prevents air from reaching the lungs, 

The Pole-top Method was shown to 
give adequate ventilation and should be) 
applied immediately in case the victim is) 
on a pole. However, he should be low-) 
ered to the ground and one of the “‘push-| 
pull’’ methods started as soon as possible, _ 
since his position on the pole will impede 
circulation due to the pooling of blood in) 
the dependent parts of the body. 


CIRCULATORY EFFECTS 


Although getting air in and out of th 
lungs remains the prime goal of artificial 
respiration, it is important to know how 
much oxygen passes into the blood in the 
lungs and is carried to the body cells.” 
In 15 subjects whose respirations had 
been stopped with drugs, each method” 
was performed for 15 minutes. Blood 
specimens were drawn during and at the” 
end of the procedures. In three out of 
nine cases in which the Schafer Method 
(with back-pressure and spring-off re-— 
lease) was used, the artificial respiration — 
was found to be so inadequate that it was 
necessary to stop the procedure after 
several minutes because the condition of 
the subject was deteriorating. In all 
cases where the Schafer Method was 
stopped, the “‘push-pull’”’ method which 
immediately preceded it and the one 
which immediately followed it were found 
to be completely adequate and the pa- 
tients remained in good condition 
throughout the 15-minute testing period 

Analysis of the blood specimens re 
vealed that in all of the methods except 
the Schafer Method, the average values 
for oxygen saturation of the arteria 
blood were at near-normal levels. The 
mean value for the Schafer Method we 
at an alarmingly low level. 


FATIGUE OF THE OPERATOR 


From a purely practical standpoint, it 
is important to know how fatiguing the 
various methods are. A selected group of 
average sized operators: performed each 
of the methods on normal victims who 
were kept asleep with anaesthetic agents. 
They performed each method for 10 
minutes and rested 30 minutes between 
methods. During the tests the amount of 
AIEE TRANSACTIONS | 


h 


a that the operators performed was 
easured on a metabolism spirometer by 
alculating the amount of oxygen they 
sed during the application of each 
ethod. They also were asked how much 
atigue they felt with the methods. 

The results indicated that the Schafer 
fethod was always easiest and produced 
less fatigue. The Hip-Lift Back-Pressure 
ethod resulted in the greatest expendi- 
ure of energy and caused the greatest 
atigue; the MHip-Roll Back-Pressure 
Method was the second most difficult. 
he Arm-Lift Back-Pressure Method 
(Nielsen) and the Arm-Lift Chest-Pres- 
sure Method (Silvester) occupied an in- 
termediary position. Under the duress 
of the tests all of the operators, including 
two female medical students, were able to 
‘complete the 10 minute period with all of 
phe methods. 


RATE OF PERFORMANCE 


Use of the pneumotachograph (sen si 
tive air-flow meter) makes it possible to 
accurately measure the time required for 
each phase of the artificial-respiration 
‘cycle. The “push-pull” methods each 
have four phases: (1) Lift, or Roll—Ac- 
| tive Inspiration; (2) Release—Passive 
Expiration; (3) Press—Active Expira- 
| tion; and (4) Release—Passive Inspira- 
tion. Each of these phases was found to 
require an optimum duration of 11/2 
seconds, or 6 seconds for the entire cycle. 
The passive, or release, phases are not im- 
portant here and may be slightly ac- 
celerated, since the next phase is always 
an active one in the same direction of 
flow. Thus, a rate of 10 to 12 times 
per minute with each complete cycle oc- 
cupying 5 to 6 seconds is found to be best. 


PEDAGOGICAL AND PERFORMANCE 
ASPECTS 


In order to appraise the teaching and 
performance factors concerned with the 
various methods, 1000 Naval Recruits 
and Waves were given lecture-demonstra- 
tions of the prone ‘‘push-pull’’ methods 
and were then required to perform each 
of the methods for ten minutes. Despite 
the random pairing of operators and sub- 
jects, there were only a few cases where 
the operator could not complete the 10- 
minute performance period under the 
pressure of the experiment. The Arm- 
Lift Back-Pressure Method was found to 
be the easiest of the prone “‘push-pull” 
methods to perform, and it was performed 
relatively more accurately than the hip 

methods after short periods of indoctrina- 
tion. The Hip-Lift Back-Pressure was 
the most difficult to perform but 
applied with fewer errors than t 
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Table I. Lung Ventilation with Various 
Methods of Artificial Respiration 


Tidal 
Volumes, 
Cubic 
Centimeters 
per 
Method* Complete 
(All performed at rate of 10 to 12 Respiratory 
complete cycles per minute) Cycle 
Schafer (Back-pressure with spring- 

Of) iret gece savaare Blots. Stele aes 485 
EV RGeking Paces ce sie <fsc.otela spre oe 751 
Hip-Roll Back-Pressure............. 967 
Arm-Lift Back-Pressure............ 1,056 
Arm-Lift Chest-Pressure**.......... 1,069 
Hip-Lift Back-Pressure...:......¢.0. 1,140 
Pole-top Method. cs jracccc 0 acta eae 725 


* Twenty-six cases, except where noted. 
+ Ten cases only. 

** Fifteen cases only. 

t Five cases only. 


Roll Back-Pressure Method. This latter 
method was found to be more difficult to 
understand and apply correctly, and be- 
came awkward with prolonged use. 

Both the Hip-Lift Back-Pressure and 
Hip-Roll Back-Pressure Methods were 
significantly easier to perform when an 
adjunct was used, such as a towel, belt, or 
rope, under the hips for lifting or rolling. 


Summary 


A comparative evaluation of manual 
methods of resuscitation has been made 
possible by the development of a method 
for producing prolonged drug-induced 
apnea in normal human volunteers, using 
varying amounts of sodium pentothal and 
curare drugs. This renders the subject 
unconscious and unable to breathe, in 
which state he closely resembles the 
victim who requires artificial respiration. 

Tests on lung ventilation have revealed 
that all of the “push-pull’’ manual meth- 
ods are two to three times as effective, as 
regards getting air in and out of the lungs, 
as the commonly used Schafer Method. 
Use of ‘“‘back-pressure’”’ instead of prone 
pressure almost doubles the ventilation 
with the Schafer Method. The Eve 
Rocking Method, a mechanical method, 
gives ventilatory volumes intermediary 
between the Schafer and the “push-pull” 
methods. The Pole-Top Method gives 
adequate ventilation and should be 
started immediately when a lineman re- 
quires artificial respiration. However, he 
should be lowered to the ground as soon 
as possible and one of the more efficient 
prone methods should be started. 

Tests on the circulatory effects of the 
methods have indicated that the Schafer 
Method was so inadequate that it had to 
be stopped in three out of nine cases be- 
cause of the deteriorating condition of the 
subject. In each case one of the ‘‘push- 
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pull’ techniques was able to adequately 
sustain the subjects for full 15-minute 
test periods immediately before and after 
the Schafer test period which failed. The 
oxygen saturation of arterial blood was 
near normal with all other methods, but 
was alarmingly depressed with the Schafer 
Method. 

The Schafer Method was found to be 
the least fatiguing and require the least 
work. The Hip-Lift Back-Pressure and 
Hip-Roll Back-Pressure Methods were 
most fatiguing and the most demanding 
as regards the actual measurement of 
energy required. The Arm-Lift Back- 
Pressure and the Arm-Lift Chest-Pressure 
Methods occupied intermediary posi- 
tions. Large groups of Naval Recruits 
and Waves were able to perform the vari- 
ous prone “‘push-pull’’ methods for ten 
minutes each. They found the Arm-Lift 
Back-Pressure easiest to do, and per- 
formed it more accurately than any of the 
hip methods. Of the latter, the Hip-Lift 
Back-Pressure was most difficult, but was 
performed relatively more accurately 
than the Hip-Roll Back-Pressure, which 
was more difficult to understand and was 
awkward with prolonged performance. 

Although the Arm-Lift Chest-Pressure 
(Silvester) Method gives adequate venti- 
lation and has survived for the past cen- 
tury, the use of the supine position pre- 
disposes to obstruction of the airway due 
to the tongue falling into the throat. This 
makes it impractical for general use. 

Of the prone ‘‘push-pull’’ methods, the 
Arm-Lift Back-Pressure is the easiest 
method, and has been used successfully 
for 20 years in the Scandinavian countries. 
The Hip-Lift Back-Pressure Method 
gives slightly greater ventilation, but is 
more difficult to perform; the Hip-Roll 
Back-Pressure Methodiseasier but ismore 
difficult to learn and perform correctly. 

Trained perscnnel should probably 
know several of the manual resuscitation 
methods. The two preferred methods 
would be the Arm-Lift Back-Pressure and 
the Hip-Lift Back-Pressure. These would 
provide ready alternatives in cases of in- 
jury to or inability to manipulate either 
the arms or the legs. Since time is of 
prime importance, one of these methods 
must be started immediately when re- 
suscitation is required. In the case of a 
lineman on a pole, the pole-top method 
should be started at once, and as soon as 
he can be lowered to the ground one of 
these ‘‘push-pull’”’ methods should be 
substituted. 


No Discussion 
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A Universal Power Circle Diagram 


RALPH D. GOODRICH, JR. 


MEMBER AIEE 


OWER SYSTEM engineers recognize 
P.. utility of the cirele diagram, At 
the same time it is generally agreed that 
the necessity of plotting new circles for 
every change in transmission line con- 
stants or terminal voltages, limits their 
use considerably, In the diagram to be 
described the circles are printed or multi- 
lithed beforehand, Solution of a circle 
diagram problem then consists of a selec- 
tion of the appropriate circle or circles on 
the diagram and the location of the point 
from which to measure phasor power. 
Murthermore, since circles are immedi- 
ately available for any combination of ter- 
minal voltages, the diagram is useful for 
the plotting of such auxiliary curves as 
receiving end power versus receiving end 
vollage or receiving end voltage versus 


receiving end power factor with all other: 


quantiles held constant, 

The formulas for the diagram are based 
on general circuit constants, and conse- 
quently the diagram is not restricted to 
systems containing transmission lines 
only, Indeed any constant impedance 
elements such as terminal transformers 
with or without taps, shunt reactors, or 
series capacitors may be included, 


Fundamental Considerations 


‘The new diagram is based on the trans- 
lation of the origin from the point of zero 
phasor power to the centers of the power 
circles, Hence, all the power circles are 
concentric since their centers are at the 
origin, and sending-and-receiving end 
operating points lie on the same circle 
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lngineeving Committee and approved by the 
AIL Technical Program Committee for presenta- 
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because the original receiving- and send- 
ing-end circles have the same radii. 
Furthermore, a very simple relationship 
exists between the location of the sending- 
and receiving-end operating points, so 
that when one has been found the other 
can be obtained easily. 

Any problem in plane analytic geom- 
etry can be expressed in either Cartesian 
or polar co-ordinates, The combination 
of first one and then the other used in this 
paper is admittedly arbitrary, but it lends 
itself both to theoretical considerations 
and to practical problems. 

In Cartesian co-ordinates, the equa- 
tions of the power circles are expressed as 


(Prt+Pr')?+(Qrt+Qr' =r? (1) 
(Pg—Ps')?+(0g—Qs')?=r? (2) 
where 


Pr=receiving end power 

Pr’ =(er/b)X AB )pp 

Ps =sending end power 

Pg! =(es/b)*( DB) pp 

= eser/b 

QOn=receiving end reactive, and is positive 
for a lagging power factor load 


Figure 1. General 
relations of the uni- 
versal circle diagram 


Goodrich—A Universal Power Circle Diagram 


4} 


ee « 


Qn! =(er/b){ AB) ie 
Qs=sending end reactive | 
Qs’ =(es/b)*{DB)1p & 
er=absolute value of receiving end voltage 
es=absolute value of sending end voltage _ 


| 
t 


The general circuit constants are define: 
by 


A=A,;+jA1=a/a 
B=B,+jB;=b/8 
D=D,+jDi=d/4 y 
AB =(AB)pp+j(AB)rp = (Ar —jAi)(Br+j Bi 
DB =(DB)pp+j(DB)1p = (Dr —jDi) 
(Brt+j Bi 


When the origin is located at the center 
of the circles, the equations become 


Mp?+ Nr? =r? (3) 
Ms?+Nst=r (4) 
whence | 


Mr=Prt+Pr’ 
Mp=Ps—Ps' 
Nr=Qrt+Qr’ 
Ns=Qs—Qs’ 


Equations 1 and 2 are derived in the ap 
pendix in which it also is proved that 


Nr/Mr=tan (8-5) (5 
Ns/Mg=tan (8+) (6) 
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Figure 2. Solution of Problem 1. Sending and receiving end power y f { 


circles were traced from universal diagram. 


where 6 is the phase angle between es and 
¢g. These general relationships are illus- 
trated in Figure 1. 

Besides verifying the preceding for- 
mulas and the previously mentioned fact 
that the receiving-and-sending end oper- 
ating points ‘‘R” and ‘‘S”’ lie on the same 
circle the figure lends itself to a number of 
other important observations. 


1. Receiving end conditions occur in the 
first quadrant. 


2. Sending end conditions occur in the 
third and fourth quadrants. 


38. The auxiliary origin for measuring re- 
ceiving end power and reactive, Or, lies on 
the phasor AB. (Its distance from the 
origin is aer?/b.) 

4, The auxiliary origin for measuring 
sending end power and reactive, Os, lies on 
the phasor DB. (Its distance from the 
origin is des?/b.) 

5, The angular relation between the phasor 
B and corresponding receiving-and-sending 
end operating points, R and 5S, is shown. 
(The phasor B plays an important part in 
the loss loci described later.) Evidently 
once the receiving point, R, has been found, 
6 can be determined, and then S can be 
located. 


Note that loss circles are oF 
associated with receiving end circle only i 


04 0.6 0.8 LO 


PER UNIT SCALE 


“CENTER OF POWER CIRCLE 


Figure 3. 


General Use of the Diagram 


The diagram consists of a blank sheet 
containing a set of polar co-ordinates 
superimposed on Cartesian co-ordinates. 
In general, the polar co-ordinates are 
drawn to a greater degree of refinement 
than the Cartesian, and by including only 
the first quadrant, a drawing suitable for 
3-place accuracy can be obtained without 
allowing the size to become unwieldy. 
The diagram is calibrated in per unit, 
and the megavolt-ampere base is usually 
selected to make ‘‘b’’ equal to 1.00. This 
choice of base has the obvious advantage 
of eliminating ‘‘b”’ from the denominator 
of several formulas so that the following 
hold true: 

1. r=eser. 
2. Distance from O to Op is aepr?. 
3. Distance from O to Og is des?. 

With Op and Og located, (on the phasors 
AB and DB), it is a simple matter to 
scale off horizontal and vertical projec- 
tions to R and S, and so obtain per-unit 


|Solution of Problem 2. 


loss line, and use of B—6 


Illustrates location of Or, use of 


values of phasor power. See subsequent 
Illustrative Problems 1, 2, 3, 4, and 5. 

Use of the first quadrant only involves 
special consideration of sending end con- 
ditions. A rotation of 180 degrees will 
superimpose the third quadrant on the 
first, where DB and Og can be conven- 
iently located. From Og phasor power is 
measured positively to the left and posi- 
tively downward. This is satisfactory 
until 6+6 becomes greater than 90 de- 
grees. Then the operating point passes 
into the second quadrant where there is no 
co-ordinate system. One way to solve the 
difficulty is to locate an image origin with 
respect to the NV axis, Og’, in the second 
quadrant, and allow 6 to increase clock- 
wise into the first quadrant. The radii 
are calibrated with the supplements of 
their first quadrant values to facilitate 
this mode of operation. 


Special Receiving End Loci 


Since circles for any combination of 
operating voltages are immediately avail- 
able, it is possible to plot auxiliary curves 


to describe system operations subject to 


Table I. Solution of Problem 2 
Points for these 


—— — certain restrictions. 
rei Bs a : ici ie a es ast curves lie on one or more of the loci de- 
ee scribed below. The loci are discussed for 
Pr PR Qr Power Factor §—6 5 Py Py ae ns ie 
(Megawatts) (Per Unit) (Per Unit) Per Cent (Degrees) (Degrees) (Per Unit) (Megawatts) TECeIVanS end conditions, but similar 
equations can be obtained for sending end 
0 OL000 Fearn Ax Det srrraees ON OR. Aone 80525. aelae 0.0.. ONOOZ ise 0.15 loci. 
BOMEAE:., (LICH eter AROSE Aan 79.8%... .... Pals eres 10 4eeeee OKO20 Ste: 1.55 
De Seana ORBD2Ke ne BON OB TARE CPU aie ance CUR an fae oom (vets. nee 5.49 
150. VBE nee, 0 068 bein, 99.2*#. 1... VP Ah oe 33.9 O70. marae 13.14 Constant Recervinc Enp POWER 
ee 0. 704. 1. =: PODS vy SOGNTAM. cee Sl Ome 0.3 OnB5 bene. 27244 bey ; : : 
ee: aa o20 This is a family of straight lines parallel 


* Lagging power factor ** Leading power factor to the AB phasor offset to the right by 
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horizontal distances equal to the per- 
unit values of power and power factor de- 
sired, see Figure 9. 


CONSTANT RECEIVING END VOLTAGE, 
CONSTANT RECEIVING END 
POWER FACTOR 


This is a family of straight lines passing 
through Og and making angles with the 
horizontal axis equal to the desired power 
factor angles. Lagging power factor lines 
are rotated counterclockwise from the 
horizontal, see Figures 5 and 7. 


CONSTANT SENDING END VOLTAGE, 
CONSTANT RECEIVING END POWER 


This is a family of concentric circles 
with center at the intersection of the 
horizontal axis and the perpendicular bi- 
sector of the segment of the AB phasor 
which has a length of es?/ab. The radii of 
the circles can be computed from the 
formula- given in Problem 5, but they 
also can be found geometrically by locat- 
ing any receiving end points which rep- 
resent the required amounts of power. 
These points may be determined, for in- 
stance, by the intersection of a Con- 
stant Power Line with the Constant 
Unity Power Factor Circle. When the 
center and one point on the circumference 
have been determined, the circle can be 
drawn, see Figure 9. 


CONSTANT SENDING END VOLTAGE, 
CONSTANT RECEIVING END POWER 
FACTOR 


This is a family of circles containing as 
a common chord the phasor segment of 
the AB line of length es?/ab described in 


the preceding section. The centers of the 
circles lie on the perpendicular bisector 
of this chord, and on the lines passing 
through the origin and rotated from 
the vertical axis by the desired power 
factor angles. Again the angle of ro- 
tation is counterclockwise for a lagging 
power factor, see Figures 7 and 9. 


CoNSTANT SENDING AND RECEIVING 
EnpD VOLTAGE Loss LINES 


These are really reference axes for the 
measurement of real and reactive losses. 
They are perpendicular to the B phasor; 
and the real loss line is displaced from the 
origin by a distance (Ps’ +P,’)/2 cos 8, 
while the reactive loss line is displaced 
by a distance (Qs’+Qr’)/2 sin B. 

Per-unit real losses “are obtained by 
measuring the perpendicular distance 
from any point on the operating circle, 
(note that only one circle is associated 
with each loss line because both voltages 
are fixed), to the real loss line. Similarly, 
the perpendicular distance to the reactive 
loss line is the reactive loss in per unit. 
Since the two loss lines are parallel it fol- 
lows that P,;—Q, is a constant equal to 
(Ps’+Pp’)/2 cos 8 minus (Qs’+Qr’)/2 
sin 8, where P; is the real loss in per unit, 
and Q, is the reactive loss in per unit. 
Hence, only one loss need be measured at 
each operating point, and the other can 
be obtained by subtraction. It will be 
noted that for all practical purposes Q, is 
negative below surge impedance loading 
and positive above it. 

A peculiarity of the loss lines is that the 
megavolt-ampere base is different from 
the base of the operating circles. Calling 
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Figure 4 (left). 
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Table Il. Solution of Problem 3 } 
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the latter base Mvay, the base for the real 
loss is Mvas X2 cos 8 while the base for) 
reactive loss is MvagX2 sin 6. Since 8) 
usually lies between 70 and 90 degree F 
2 cos 6 is quite small, while 2 sin 6 is 
slightly less than two. Thus, the base 
megavolt-ampere for real loss is consider- 
ably smaller than Mvag, which is equiva- 
lent to plotting the losses to a greatly e 
panded scale. Conversely the reactive 
losses are plotted to a somewhat com- 
pressed scale, but it has been found that) 
their accuracy is quite adequate. See 
Figure 3. 


CONSTANT RECEIVING END VOLTAGE, | 
Loss CIRCLES 


to vary, then the locus of points on the 
ceiving end diagram with equal losses are 
concentric circles. It will be convenient 
to define P,’ as ep?/(DB)zp and Q,’ as” 


the B phasor at the distance P,’ cos 8B” 
from the origin, while the center of the 
reactive loss circles also lies on the B 
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| the circles are parabolic functions of the 
losses, and consequently evaluation is 
‘somewhat tedious. However, they can be 
‘converted to a standard form which 
facilitates the computation. 

The equations of the real and reactive 
loss parabolas are 


(P1/Pri')=(rp/P1’)?+ 
(AB )pp(DB )pp/b?— cos? 8] 


(Q1/Qx') = (re/Qx’)?+ 
((AB);p(DB);p/b?— sin? B] 


(7) 


(8) 


Figure 7. Solution of Problem 4. Illustrates 
‘use of constant power factor circle 
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where 


Figure 6 (left). 
Auxiliary curve 


for Problem 3 
from Figure 5 
and Table Il. 


Performance of 
system with con- 
stant receiving 
end voltage of 
200 kv and con- 
stant receiving 
end power factor 
of 95 per cent 
lagging 


Figure 8 (right). 
Auxiliary curve 


for Problem 4 
from Figure 7 
and Table Ill. 


Performance of 
system with con- 
stant sending end 
voltage of 14.2 
ky and constant 
receiving end 
power factor of 
95 per cent lag- 
ging 


Py,=real loss in per unit 
Q,=reactive loss in per unit 


rp=radius of the real loss circle 
’q=radius of the reactive loss circle 


It can be seen that both of these equa- 


tions are written in the form: 


l=ne-n 


where 


1=ratio of loss to a constant 
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m=ratio of the radius to the same constant 
n=vertical offset of the vertex of the para- 
bola, positive for real losses, negative 
for reactive losses, and constant for 
any particular set of line constants. 


Note that when 6=1, all quantities 


in the expression for S are available 


See Figure 2. 
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from previous computations 


The loss lines and the loss circles make 


it possible to obtain sending end condi- 


Figure 9. Solution of Problem 5 


Illustrates 


use of constant power circle and constant 
power line 
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Table Ill. Solution of Problem 4 
Columns 
(1) (2) (5) (6) 
7 ; eR Pr PR 
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tions without locating the operating point 
on the sending end circle. If the sending 
end quantities are required for use in some 
other computation, such as the voltage 
drop in a transformer bank, location of 
the sending end operating point is prob- 
ably simpler, and the result will have ade- 
quate accuracy. However, if the losses 
themselves are a requisite part of the 
solution, it is not only desirable, but prac- 
tically mandatory that the loss loci be 
used in order to obtain accurate results. 
In one study the desired quantities were 
curves of power loss and receiving-and- 
sending end reactive versus receiving end 
power for a large number of different com- 
binations of line constants and terminal 
voltages. It was found necessary to draw 
the operating circles on tracing cloth as 
accurately as possible to a large scale— 
1.00 per unit=20 inches. Then trans- 
parent overlays were used for the solutions 
of the separate problems. Loss loci were 
used to obtain sending end conditions, 
and spot checks by mathematical com- 
putations showed an error of not over 
+ (),002 in per unit. Other methods were 
either intolerably laborious, or intolerably 
inaccurate, 

This circle diagram has innumerable 
uses, too many, to discuss in a paper of 
this nature. The illustrative problems 
solved below are intended to indicate 


directly some of the diagram’s uses; and 
indirectly to suggest many others. 
Problem 1 

A generating station is connected 


through a 13.8-230-kyv transformer bank 
to a 200-mile 280-kv transmission line. 
The receiving end of the line connects to a 
large power system. 

Draw the receiving- and sending-end 
circles for a generator terminal voltage of 
14.2 ky, and a receiving-end voltage of 
220 kv. The seale should be chosen so 
that 200 megawatts=4 inches. Also 
draw the loss circles for 15 megawatts 
and for 0 megavars. A universal diagram 
calibrated so that 1.00 per unit = 10 inches 
is available for tracing purposes. 


204.6 


Figure 10. Auxiliary curve 25 
for Problem 5 from Figure 9 


and Table V. Performance of 
system with constant sending 


end voltage of 14.2 kv, and 20 


constant receiving end power 


of 100 megawatts 


13)) 


° 


Qg(MEGAVARS) 


SOLUTION 


The composite general circuit con- 
stants for the line and transformer on a 
100-megavolt-ampere base are: 


A =0.8844 70.015 C= —0.002+j0.540 
B=0.048+j0.349 D=0.916+ 70.013 


In order to use the universal diagram 
for which 1.00=10 inches and have 200 
megawatts equal 4 inches, it is evident 
that 500 megawatts must equal 10 inches 
and hence must equal 1.00 per unit. 
Therefore, the first operation is to con- 
vert the constants to a 500-megavolt- 
ampere base. For this operation. 


A and D remain invariant 
Bsoo cd 5Bioo 
C is not required. 


Therefore, 
base 


on a 500-megavolt-ampere 


A =0.884+ 70.015 a=0.884 

B=0.240+ 1.745 = 1.761/82.2° 

D=0.916+70.013 d=0.916 

AB =(0.238+ 71.539 phase angle is 81.2° 

DB=0.243+ 71.595 phase angle is 81.4° 

cos B+j sin B= B/b=(0.240+71.745)/ 1.761 
=0.136+70.991 


For the particular condition of es= 
kilovolts, eg = 220 kilovolts 


14.2 


es = 14.2/13.8= 1.029 

er = 220/230 =0,956 

Ps’ =(¢s/b)( BB )ep = (1.029/1.761)2(0.243) 
= 0.342 X 0.243 = 0.083 

Qs' = (es/b)*(DB)1p = (1.029/1.761)%(1.595) 
= 0.342 X 1.595 =0.545 

Pr’ =(en/b)*(AB)rp = (0.956/1.761)*(0.238) 
= 0.295 X0.238 = 0.070 

Qr’ = (er /b)*( AB )ip = (0.956/1.761)2(1.539) 
= 0.295 X 1.539 = 0.454 

r= eser/b=1,029X0.956/1.761 

=0.559 


Goodrich—A Universal Power Circle Diagram 


210 220 230 oh¢ 
erp ( Kv ) ‘ 


Os =des?/b/(DB) =0.916 X1.0292/1.761 X ws 
/81 

=(0.551/81.4° */ 
Op =aep?/b/(AB) =0.884 X0.9562/1.761 X 
/81.2 

=0.459/81.2° 


Py! =er?/(DB)pp =0.956?/0.243 =3.761 F 
Q1’ =er?/(DB) 1p =0.956?/1.595 = 0.573 Pi 


On the circle diagram Og and Op can t 
located either by means of the Cartesia 
co-ordinates Ps’+jQs’ and Ppr’+jQr 


The results will be the same and the 
choice is usually a matter of personal pref: 
erence. However, it will be found wher 
tracing the sending end circle from the 
diagram that most of the desired circle 
lies in the second quadrant. To make the 
graph fall on a usable part of the diagram, 
60 degrees are deducted from the phasot 
Og, and the axes are laid out parallel and 
perpendicular to the @—6=30 degree 
line. This rotation of 60 degrees places 
most of the diagram in the second quad- 
rant where it is needed, and for this ap 
plication the phasor Og is essential. 
The complete procedure is descri al 


below. { 
RECEIVING END CIRCLE . 

1. Locate Og at Pp’+jQp’=0.070 
+j0.454 on the universal diagram, F 


2... Place a piece of thin graph paper on 
the diagram with a previously select 
origin for P and Q superimposed on Og 
Orient the paper so that the P axis i 
horizontal and the Q axis vertical. 

3. Trace from the diagram the circle 
with radius r=0.559, or locate points 
this circle on the graph paper, and dra 
the circle witha french curve. __ 

4. Locate the intersections of selecte 
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Se 


 B+6 radii with the circle. 
_ tersections in terms of 6 as the difference 
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Table IV. Computations for Constant Power 


Circle 
Cos 6 Sin 6 M,—R,Cos¢@ R, Sing 
oe O00 4 ,07000).....0... 0.369........0.000 
e906. LOcO87.. oc. cae 07 S8835.0.5<0:.0.809 
j 10...0.985,...0.174........0.422 mavnraiesetee 0.618 
fea 20-9664). /0.259........ 0. 4007 wean 920 
fe 2O,040.).'. .0,3842........ ON S82 ear 1.215 


B—6 radii with the circle. Label the in- 
tersections in terms of 6 as the difference 
between 6 and the respective angles 
shown on the diagram, that is, 6=8— 


(B—9). 
SENDING END CIRCLE 


1. Locate Os rotated —60 degrees at 


0.551/21.4°. 


2. On the diagram Py, is measured 
positive to the left, and Qs is measured 
positive downward. Therefore, super- 
impose the origin on the graph paper on 


_ Og and orient it so that the Q axis is paral- 
lel to the 6—6=30 degree line, with +Q 


pointed toward the center of the circles. 

3. Trace from the graph the circle 
with radius r=0.559. 

4. Locate the intersections of selected 
Label the in- 


between the respective angles shown on 
the diagram and @, that is, 65=(8+6)—8. 


| However, because of the initial rotation 


of 60 degrees of the whole diagram, an 


added 60 degrees must be subtracted from 


each angle. 


Firreen-Mecawatt Loss Circie 


1. Locate the center of the power loss 
circle on the diagram at the point P;’ cos 
8/8 =3.761 X0.136/82.2° =0.511/82.2°. 

2. Superimpose the graph paper on 
the diagram as for the receiving circle and 
locate the center of the loss circle on the 
graph paper. 

3. Compute 


1=P,/Pz’ =(15/400)/3.761 = 0.009970 


| n =(AB)pp(DB)pp/b?— cos B 


= 0.238 X 0.243/1.761?—0.136? 
= 0.018650 — 0.018496 = 0.000154 


p/P, = V/i—n =~V/0.009970 —0.000154 


=0.099 
rp=0.099P 1,’ =0.099 X3.761 = 0.372 


4. With a per-unit radius of 0.372 and 


e with the center located above, draw the 
_ loss circle. 


~ 


_ ZeRO REACTIVE Loss CIRCLE 


1. Locate the center of the reactive 


loss circle on the diagram at the point 


Qz' sin 8/8=0.573X0.991/82.2° = 0.568 


5 782.2°. 


2. Locate the center on the graph 
paper as was done for the power loss 
circle. 

3. Compute 


1=Q1/Qz'=0 
n=(AB)p(DB);p/b?— sin? B 

= 1.539 X 1.595/1.7612—0.9912 

= 0.791584 —0.982081 = —0.190497 
rq/Qr' = V1—n =V0-+0.190497 = 0.436 
re = 0.43601,' = 0.436 X 0.573 =0.250 


4. With a per-unit radius of 0.250 
draw the circle. 

The completed circle diagram is shown 
in Figure 2. Check points to assure the 
validity of the results can be computed 
using the original constants. 

It should be noted that one set of loss 
circles can be used with any values of 
sending end voltage so long as the receiv- 
ing end voltage is held constant. There- 
fore, it is possible to locate two centers 
and an origin on the diagram, superimpose 
the graph paper, and trace off any number 
of concentric receiving end circles, one for 
each sending end voltage. Loss circles 
can then be drawn with appropriate radii 
to use in predicting sending end condi- 
tions. 


Problem 2 


For the set of constants used in Problem 
1 and for the same voltages, draw curves 
of Pr versus power factor, power losses, 
and phase angle, 6, between sending and 
receiving terminals. 


SOLUTION 


This problem could be solved on the re- 
ceiving circle plotted for Problem 1, but 
it is preferable to solve it independently 
on the universal diagram. It was pointed 
out that computations are simplified 
when b=1, and accordingly the conver- 
sion to a new megavolt-ampere base will 
be made first. 

On 100 megavolt-ampere base: 


A =0.884+ 0.015 
B=0.0484+70.349 = 0.352/82.2° 
D=0.916+ 70.013 


The base is to be changed to the value 
which will make b=1. Therefore, the old 
base and B must be multiplied by 1/0.352 
=2.841. 

On the new base of 284.1 megavolt- 
amperes 


A=0.8844+70.015  a=0.884 
B=0.136+ 0.992 = 1.001/82.2° 
D=0.916+ 70.0138  d=0.916 
AB =0.135+j0.875/81.2° 
DB =0.187+ 0.907/81.4° 


Note that B now equals cos 6+ sin 6. 
For the particular voltage conditions: 


Goodrich—A Universal Power Circle Diagram 


és = 14.2/13.8= 1.029 

er = 220/230 =0.956 

Ps'=es?(DB)pp = 1.0292 0.137 =0.145 

Pr! =er(AB)pp = 0.9562 X 0.135 = 0.123 

r=eger = 1.029 X0.956 =0.984 

Op =aep?/AB =0.884 X0.9562/81.2° = 
0.808/81.2° 


On the universal diagram, Figure 3, the 
following initial constructions are made 

1, Locate Og=0.808/81.2° 

2. Lay off the Pp axis as a horizontal 
line through Op. 

3. Lay off the line 8B =82.2 degrees. 

4. Lay off the power loss line perpen- 
dicular to the 8 line at the distance 
(Ps’+PpR’)/2 cos B=(0.145+0.123)/2x 
0.136=0.985 from the origin. 

Ensuing work can best be accomplished 
by filling out Table I from this itemized 
procedure. (The column numbers cor- 
respond to the item numbers.) 

1. Select appropriate values of Pe in 
megawatts. 

2. Convert to per unit by dividing by 
284.1. 

3. Lay off these per-unit distances on 
the Pp axis to the right from Op, and erect 
perpendiculars to intersect the power 
circle r=0.984. 

4. Measure Qp, the vertical ordinates 
from the Pp axis to the circle. 

5. Compute power factor= cos (are- 
tan Qp/Pr). 

4(A) and 5(A). As an alternative to 
items 4 and 5, the constant power factor 
lines from the operating points to Og can 
be drawn, and the power factor angle can 
be measured with a protractor. 

6. Record the angle 8—6 from the 7 
axis to each operating point. 

7. Compute 6=6—(68—56)=82.2—(6 
—6$). 

8. Drop perpendiculars from the oper- 
ating points to the loss line. 

9. Measure the per-unit length of the 
perpendiculars. 

10. Obtain loss in megawatts by mul- 
tiplying the per-unit losses by 


Mvag2 cos 6 =284.1K2X0.136=77.38 Mva 


11. Plot columns (5), (7), and (10) 
of Table I versus power received, see 
Figure 3. 


Table V. Solution of Problem 5 


Columns 
(2) (3) (5) (6) 
eR Qr Qr 
r (Kilovolts) (Per Unit) (Megavars) 
sO ite receea DAOe Oiera cr evan —OVOUSe ataerere —5.1 
LSOBy acne 234.7 OP OLS alae iar Sau 
OO sicreyes 223.5 0.042 1.9 
ORO Detere.er 212.3 0.058 6.5 
90.. PAN Reon anac 0.082.... 3.3 


Problem 3 


With the receiving end voltage held 
constant at 220 kilovolts, plot sending end 
voltage versus receiving end power with 
constant receiving end power factor of 95 
per cent lagging. 


SOLUTION 


The initial data will be the same as for 
Problem 2 

As in Problem 2, the phasor Op is laid 
off, and the horizontal Pp axis is drawn. 
In addition, the constant 95 per cent 
power factor line is drawn through Op at 
the counterclockwise power factor angle 
18.2° from the horizontal, see Figure 5. 

In order to use established circles on the 
diagram, it will be convenient to use the 
power circle radius, 7, as an independent 
parameter. The procedure is given be- 
low with item numbers corresponding to 
columns in Table II: 

1. Select appropriate values of r 

2. Compute sending end kilovolts 
from the formula 


€s(ko) = es(pu) X13.8=(r/er)13.8 
= 13.87 /0.956 
= 14.435r 


3. Locate the intersections of the con- 
stant power factor line with the selected 
circles. 

4. Drop perpendiculars from these in- 
tersections to the Pp axis. 

5. Measure the distances in per-unit 
from Og to the perpendiculars. 

6. Multiply the per-unit distances by 
284.1 to obtain Pp in megawatts. 


a 


7. Plot Pp versus es, see Figure 6. 
Problem 4 


With the sending end voltage held con- 
stant at 14.2 kilovolts, plot receiving end 
power versus receiving end voltage for a 
constant load power factor of 95 per cent 
lagging. 


SOLUTION 


The procedure consists of finding a 
series of operating points on the constant 
power factor circle, locating the corre- 
sponding O,’s, and measuring the horizon- 
tal projection between the two. Since 
er is a variable, Op is also a variable, but 
all O,’s will lie on the AB phasor. 

The constant power factor circle is 
located on Figure 7 as follows: 

1. Lay off the phasor 


es?/a/AB = 1,0292/0.884/81.2° 
= 1.198/81.2° 


2. Project the perpendicular bisector 
of this phasor into the second quadrant. 


2048 


3. Locate the intersection of the per- 
pendicular bisector with the line in the 
second quadrant rotated across 0.95= 
18.2° from the vertical axis. This point 
is the center of the desired circle. 

4. Draw the circle through the two 
ends of the es*/a/AB phasor. 

Again it is convenient to select values 
of r for the parameter to allow the use of 
established circles, see Table III. 

1. Select appropriate values of 7. 

2. Compute eg=(r/es) X230=223.5r. 

3. Locate receiving end operating 
points at the intersections of the operating 
circles with the constant power factor 
circle. 

4, Draw receiving end operating phas- 
ors between the operauns points and the 
AB phasor. 

5. Measure the horizontal projections 
of these phasors in per unit. 

6. Convert to megawatts by mul- 
tiplying by 284.1. 

7. Plot eg versus Pp. 


Problem 5 


Plot a curve of receiving end voltage 
versus receiving end reactive for a con- 
stant sending end voltage of 14.2 kilo- 
volts, and a constant received power of 
100 megawatts. 


SOLUTION 


The operating points now lie on the 
constant power circle, and since the re- 
ceived power is constant, the horizontal 
projections of the receiving end phasors 
must lie between the AB phasor and the 
constant power line, parallel to the AB 
phasor, and to the right of it at the dis- 
tance 100/284.1=0.352. 

The center of the constant power circle 
can be located by finding the intersection 
of the perpendicular bisector of the 
es*/a/AB phasor with the horizontal 


axis, and one point on the circle can be 
found by locating the interesection of the 
constant power line and the unity power 
factor circle. The center of this circle lies 
at intersection of the above perpendicular 
bisector with the vertical axis. 

However, for this particular problem, 
the R/X ratio of the line is so low that the 
perpendicular bisector is very nearly 
parallel to the horizontal axis. Conse- 
quently, the center of the circle is so far 
away as to be inaccessible, and recourse 
must be had to the formulas of the center 
and radius of the circle in order to plot the 
necessary portion of it. 

The center is at the distance M,= 
es”/2(AB)pp from the center of the power 
circles, and the radius of the circle is 


Goodrich—A Universal Power Circle Diagram 


I) 


R,=MvV 1- 2Pp/M, 


= M,—Pr when Pp is small compared | 
with M, 


7 
| 


By using a parameter, 0, points (X, a 


on the constant power circle can be found 
from the parametric equations 


X= M,—R, cos 6 er ‘|? 
Y=R, sin 0 


For this set of constants | 
M,=s2/2( AB) pp = 1.029?/2X0.135=3. 2 
Ri= MV 1—2Pr/ My 

=e o1\/i ee 


=3.921 +/ 0.820454 = 3.921 X0.906 = 3.552 
| 


Note that M,—Pr=3.921—0.352=3.569 
After drawing the constant power 
circle: | 
1. Locate operating points at the in- 
tersections of the constant power circle 
and selected operating circles. 

2. Record the radii of these circles. 

3. Compute eg=223.5r. 

4. Drop perpendiculars from the oper-, 
ating points to the constant power line. 

5. Record the lengths of the perpen- 
diculars. 

6. Convert the values to megavars by 
multiplying by 284.1. 

7. Plot ep versus Qp, see Figure 10. 

It will be seen that the receiving end 
phasor is not required. However, it has. 
been drawn in for r=0.90 to aid in visual- 
izing the construction. 1 

Beside providing a ready means for 
plotting power circles and loss loci for 
general studies the diagram is useful in 
such specific power system design prob- 
lems as the selection of transformer taps, 
the determination of required reactive 
capacity, and the determination of ade- 
quate conductor size. 


Appendix 
Conversion of General Circuit 


Constant Formulas to Scalar Form 
Let 


= 
_ 
oO 

bn 


=AEp+Blp ) 
Multiply both sides by Ep \ 
EsEp=AEpEn+BIpEr ; 
Since : { 

=S=P+jQ 
Then ‘ 
EI=P—jQ R I 
Therefore 4 
EsEpr=Aecp?+B(Pr—jQr) i 
Let Er be the phasor of phase reference 25 
that } 


AIEE TRAN SACTIONS 


4 


Ep=Ep=Epr+jO =ep 
Therefore 


en(Esr+jEsi) =er(Ar+jai+ 
(Pr—jQr)(Br+jBi) (11) 


Resolve equation 11 into two equations, one 
involving ‘real quantities only, the other in- 
volving imaginary quantities only 


erE sr =er®Ar+PpB,+QpBi (12) 
eri si=er?Ai+PpBi—OpB; (13) 
Square equations 12 and 13: 
€p*E sr? =ep'A,?+ 2er?PpA,By+ 
2ep*ORAr Bit PRB? + 
2PrORBrBitQr?Bi? (14) 
er E si” = ep'A*;+2ep*PRAiBi— 
2er?QrAiB,+ PRB — 
2PrQeB,BitQr2B;? (15) 


Add equations 14 and 15 

€r?es?=er'a?+ 2en*Pp(A,B,p+A;Bi)+ 
2er*Qr(A;Bi—AiB,)+Ppb?+Qp*b? 

Since 


AB=(AB)pp+j(AB)rp =(A;B; +AiBi)+ 
J(A,Bi—AiBr) 
aep'+ er” [Pr(AB)ep+ Qr(AB)rp]+ 
b?Pr?+b?OR?= €s*ep? (16) 


Collect terms involving Pz and Op 


[b?Pr*+ 2er(AB)ppPr)+ 
[b?OR?+ 2er*(AB);pQr]+a%er*=es?ep? 


completing squares 


[6?Pp?+ 2ep*(AB)epPr+er*(AB)pp?/b?]+ 
_ [b?Qr*+2erAB):pOp+er( AB) :p?/b?] — 
er*[(AB)pp?+(AB);p?|/b? +a ep! =e37ep? 


whence 


[bPr+(er*/b)(AB)zp}?-+ 
[0Q2+ (er?/b)(AB)ip }? = eer? 


Divide both sides by b? 


— [Pr+(er/b)(AB)rp }?+ 
[Or+(er/b)*(AB)ip ]? = es*er?/b? 
or 
(Prt+Pr’)?+(Qr+Qr’)?=r? (1) 
Similarly _ 
(Ps—Ps')?+(Qs—Qs')?=r? (2) 


: Derivation of Formulas Involving 5 
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See 


the Angle between Es and Ep 
Equations 


Let 6 be positive when Ep is the phase 


reference so that 


Eg=es/5 =eg cos 5+jeg sin 6=Esr+jEsi 
Then when Es is the phase reference 


Ep=ep/—5=ep cos 5—jep sin 6= Egr+jEat 


s 


Derivation of equation 5: 

Divide equation 13 by equation 12 

erE si be ep? Ait+PpBi — OrB; a Cr?2s sin 6 
érEsr ep?Ar+PrBr+QOpBi eres cos 6 


Cross multiply 


er’A; cos 6+ PRB; cos 6—QpB; cos 5 
= en?A; sin 6+ PRB; sin 5+QpB; sin 6 


Collect terms in ep?, Pr and Op 


€p*(A; cos 6—A,; sin 6) + Pp(Bi cos 6— 
Br; sin 6) = Qp( Br cos 6+ B; sin 6) 
ér*(Aicosé—A; sin 6)+Pp(b sin B cos 6— 
b cos 6 sin 6)=Qp(b cos B cos 6+ 
b sin B sin 6) 
ep*( A; cos 6—A, sin 5)+5P, sin (B—6) 
= bQr cos (8 —6) 
(€p?/b)(Ai cos 6—A; sin 5)+ 
Pr sin (8—5)=Qr cos (6-5) 
(ep?/b)(A;i cos 6— A, sin 6)— 
(¢r/b)(AB)pp sin (8—8)+(er/b)?X 
(AB);p cos (8—65)+Pp sin (8—5)+ 
(er/b)*(AB)rp sin (8 —5)=QpX 
cos (8 —6)+(er/b)*(AB)rp cos (8 —6) 
(ep?/b)(Ai cos 6— A; sin 6)—(ep/b)?X 
[((A,B;+A;B;) sin (8 —8)—(A,B;— 
A;B;) cos (8—5)]+[Pr+ 
(ép/b)*( AB )pp] sin (8—6) 
= [Ort+(er/b)*(AB)ip] cos (8 —6) 
(€p?/b)(Ai cos 6—A; sin 5)—(ep/b)?X 
[A,b cos B sin (8—6)+ Ab sin BX 
sin (8—65)—A,b sin B cos (@—65)+ 
Aib cos B cos (8—5)]+ Me sin (8—6) 
= Nr cos (8—5) 


See equations 3 and 4 


(er*/b)(Ai cos 5— A; sin 5)—(ep?/b) X 
{ A, [cos 6 sin (8—4)— sin B cos (B8— 
5)]+A;[sin B sin (8—6)+ cos BX 
cos (8—6)]} + Mp sin (8-65) 
= Nr cos (B—64) 
(ep?/b)(A; cos 6—A; sin 6) — 
(ep?/b){ Ay sin [(8—8)—B]+ 
Ai cos [((8—6)—6]}+Mp X 
sin (8 —6)= Nr cos (B—5) 
(€n?/b)(Ai cos 5— A, sin 6)— 
(en?/b)(A; cos 6—A, sin 6)+ 
Mp sin (8 —65)= Ne cos (B—5) 
Mer sin (8—65)= Np cos (B—5) 


Nr/Mp= tan (8—5) (5) 

Similarly 

Ng/Mg= tan (8+6) (6) 
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Discussion 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill): It seems to me that 
this is a very valuable contribution to an 
important phase of transmission engineer- 
ing; it is of help to both the practicing 
engineer and the more academically in- 
clined engineer since it contains new meth- 
ods and new results. The author replaces 
two families of circles in one system of co- 
ordinates! by one family of circles in two 
systems of co-ordinates; this is of interest 
to the practicing engineer when he uses 
these diagrams since it is much easier to 
draw accurately straight lines than large 
circles. We have used this method, as 
suggested by Goodrich, for some time and 
were able to improve the accuracy of the 
previously known graphical solutions by 
changing to Goodrich’s circles. 

However, this paper contains other facts 
which are new also. For example, it is 
pointed out that the locus of the centers of 
the loss circles lies on the B-line, and this 
knowledge simplifies greatly the drawing of 
the loss circles. It appears that this locus 
has not been referred to in previous publi- 
cations. The author deserves an expres- 
sion of thanks for making available these 
improved methods to the industry. 
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R. D. Goodrich: I wish to thank Dr. 
Gross for the active interest he has taken 
in this paper; his continued encouragement 
and comments have been most helpful. 
It was due to his suggestion that the loss 
loci were included in the presentation; 
otherwise the relation of the B-line to these 
loci would not have been discovered. 

It is indeed gratifying to have an engineer 
of his standing recommend this paper both 
on practical and academic grounds. 
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Automatic Protection of Refrigerating 
Machines 


T. C. JOHNSON 


MEMBER AIEE 


He growth in seope and complexity of 

the air conditioning and commercial 
refrigeration business during the last few 
years has emphasized a number of im 
portant problems of motor application 
and control which call for increased 
understanding of this business and its 
problems by the related electrical busi 
nesses, It is the purpose of this paper to 
discuss some of these problems which con 
front design and application engineers 
and for help on which they must turn to 
the public utilities, the motor manufac 
turers, the control manufacturers, 
lurther, since these problems often re- 
quire the help of municipal authorities, 
national code authorities, and the stand 
ardization efforts of the 


and 


major engineer- 
ing technical societies, itis hoped that a 
free discussion will be of benefit to all, 
Automatic operation of air condition 
ing and refrigeration equipment is desir 
able for most of the conditions under 
which it is used, whether it is used for 
comfort or necessity, The 
maximum amount of refrigeration must 
be obtained from any given apparatus, 
with trouble-free operation, 


reasons of 


Such equip- 
ment must start and operate automat 
ically (sometimes several times an hour) 
even though connected to a power supply 
of limited capacity, 

The protection of a motor when driving 
a refrigeration compressor is essentially 
no different than when driving any other 
machine, The overload protective device 
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must protect the motor from stalled con- 
driven 
machine, frozen bearing, or something of 
that nature, On polyphase motors, it 
must protect against stalled conditions 
produced by a single-phase line. The 
overload device must also protect the 
motor from an overload which causes the 
motor to heat for such along time that the 
Also, it must 
allow the motor to stay on the line long 
enough to accelerate the load and must 
not be set so close to operating conditions 


ditions imposed by a_ faultily 


insulation is deteriorated, 


that short, intermittent, and undamaging 
overloads cause nuisance tripouts, 

The foregoing requirements are no dif- 
ferent in their statement than those of 
many other kinds of equipment, but be- 
cause of the varying load conditions it is 
possible to operate close to the maximum 
capacity, Consequently, each applica- 
tion must be designed as accurately as 
possible to make the most efficient use of 
the equipment, This statement applies 
particularly to the electrical portions of 
the equipment, for usually the cooling 
capacity required of the driven equip- 
ment cannot be determined with any- 
thing like the precision with which the 
possible motor output can be measured, 

The importance of this field to the 
electrical manufacturers and the public 
utilities can be seen from the fact that 
air conditioning and commercial re- 
lrigeration is rapidly approaching the 
seale of universal use; the number of in- 
dustries where refrigeration is a process 
requirement is growing (the rubber and 
petroleum industries, for example), Also, 
department stores and many smaller 
businesses need air conditioning as a 
matter of customer demand, Advances in 
scientific work are beginning to require 
cooling in large quantities at progressively 
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fF 


hl | 


lower and lower temperatures, and, for 
the future, there is the heat pump fore-| | 
seen for possible residential use. The | 
market for motors and controls blossoms — | 
with each new application, and the public | 
utilities are finding increasing demands | 
on their services from this type of load. 


Scope ay 
q 


To illustrate the problems met when | 
designing and applying this equipment, — 
several situations will be described and | 
the requirements for each examined. | 
Three typical applications are: | / 


1. Beverage cooler with FHP (fractional — 
horsepower) open-type compressor. 


2. Same with hermetic compressor. 


8. Central plant air conditioning system | 
with integral horsepower motors. 


| 


bs) 
The type of equipment that will be dis- | 
cussed within the limits of this paper can 
be classified from the electrical stand-_ 
point as shown in Table I. | 
There are more varieties of application 
systems possible than the “standard” — 
kinds chosen for discussion. The dif-— 
ferences of these systems are not enough — 
to warrant separate treatment for the 
purposes of this paper. The discussion — 
here is also confined to systems involving 
reciprocating compressors only. Centrif-_ 
ugal compressors, which are generally _ 
used in the region of, say, 150 horsepower | 
and up, have somewhat different loading | 
characteristics and are not considered ‘ 
here, 4 
The problems of production variations _ 
between lots of refrigerating annchiaeea 
motors, controls, and the effects of — 


changes in power supplies, operating con- — 
| 
ditions, etc., are important and often take — 
' @ 
Table | 
Typical ' 
HP Range Control Features 
”— 
FHP Open...... 1/6-3/4,,, Built-in (Overload and 
start) 
FHP YWermetic, .1/6-3/4,..4.Dome” or Remote 
(Overload) Remote 
(Start) 
Integral Open,,.,1 up .. Remote (Overload and _ 
Start) 
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Figure 1. Refrigeration cycle 


| considerable ingenuity to solve, but will 
_ not be discussed in this paper. 


_ Fundamentals of Refrigerating 
Systems 


A brief illustration will suffice to show 

| the load requirements for the motor and 

| the conditions under which the control 

_ must allow operation and protection of 
the motor. 

Figure 1 shows an elementary refriger- 
-ant circuit in which high pressure, high 
temperature refrigerant condenses in the 
lower coil (condenser), thereby giving up 
heat to some cooling fluid (air, water, or 
other), and the liquid refrigerant, after 
going through a suitably controlled valve, 
evaporates at a low pressure and corre- 
spondingly low temperature in the upper 
coil (evaporator), taking heat from the 
fluid to be cooled. The low pressure gas 
then goes back to the compressor to be 
pumped to high pressure again. Gen- 

erally, the temperature of the cooling 
fluid around the condenser is determined 
by external conditions, such as the 
weather or temperature of the room in 
which the equipment is located. Also the 
temperature of the fluid around the evap- 
orator is maintained at some given value 
fixed by the application. 

For a given evaporator temperature, 
and the corresponding saturated vapor 
suction pressure for that refrigerant, the 

_ load on the motor increases with increas- 
_ ing condensing temperature. Also, for a 
_ given condensing temperature the motor 
load increases quite rapidly as the suction 
pressure increases. These two effects are 
shown on Figure 2, which is typical for a 
small air-cooled condensing unit driven 
by an open-type motor, as might be used 
on a beverage cooler application. Gen- 


a ae ee ee” 
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erally, such a unit is designed for ‘“‘nor- 
mal” conditions of, say, 90 degrees Fah- 
renheit ambient air temperature, and 20 
degrees Fahrenheit evaporator tempera- 
ture. Obviously, changing conditions of 
ambient temperature will greatly change 
the load on the motor. However, design 
conditions merely specify the steady- 
state conditions. When thé unit is first 
started, all parts of the equipment are 
essentially at ambient temperature, say, 
90 degrees Fahrenheit, which is decidedly 
warmer than the normal operating tem- 
perature of 20 degrees Fahrenheit for the 
evaporator. The motor is saved from the 
apparent great overload by the refrigerant 
valve shown in Figure 1 which restricts 
the flow of refrigerant to the evaporator 
and compressor somewhat. High loading 
of the motor does result during start-up, 
however, and the net effect of a ‘“‘pull- 
down,” plus cycling which occurs be- 
cause the capacity of the unit, must be 
greater than the requirements under 
steady state, as shown in Figure 3. 

The problem at hand is, then, that the 
refrigerating machine designer must ap- 
ply motors and controls so as to get the 
most out of the equipment and yet not 
cause serious or even nuisance failures 
under the varying conditions outlined 
above and the additional problems raised 
by low or high voltage or other abnormal 
situations. It is almost as bad to have 
failures as to have an overload which may 
cause the control to take the motor off 
the line but stay just hot enough so that 
the reset time is excessive. Customers 
are naturally somewhat annoyed when 
anything removes their equipment from 
service when it is needed. 


Refrigerating Machines Using 
FHP Open-Type Motors 


Typical installations of units using 
small open-type motors are beverage 
coolers, candy merchandisers, reach-in 
refrigerators, home freezer cabinets, milk 
coolers (for farm use), room coolers, and 
many others. These same installations 
are also the most likely for units using 
hermetic motors which are discussed in 
the next section. Figure 4 is a close-up of 
a typical condensing unit by itself, show- 
ing that the motor carries a fan on its 
shaft extension which pulls cooling air 
through the condenser and also helps to 
cool the motor. 

The applications for this size unit are 
characterized by periodic peaks of load 
with relatively short cycle times (two to 
three cycles per hour is normal for bever- 
age coolers). Pulldown time on each 
cycle is quite short so that the motors can 
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be loaded nearly to their full capacity, 
considering that they have a good blast 
of air over them. On the other hand, each 
cycle normally starts with full condensing 
pressure on the compressor, requiring 
high torque to start. The motor loading 
must, therefore, be chosen so that ade- 
quate reserve torque is available for start- 
ing even under reduced voltage condi- 
tions. Commonly, high-starting torque, 
capacitor-start, induction-run motors or 
repulsion-start, induction-run motors are 
applied. 

The highest normal load on the motor 
comes during pulldown from conditions 
of initial start or when a new load of warm 
bottles has been charged into the machine, 
as shown in Figure 3. This situation may 
occur twice a day. It is not desirable to 
have to derate the motor for cycling 
(steady state) conditions in order to 
handle initial pulldown, therefore, for 
this brief period the control must allow 
motor loading and temperatures to rise 
as high as good practice can dictate. 
Since the total running time of refriger- 
ating machines in such service is rarely 
over 40 per cent of the total elapsed time, 
and since the equipment selling price is 
often partly dictated by the nominal 
horsepower rating of the driving motor, 
there is considerable emphasis on a design 
that produces the most refrigeration for 
a given size and price. This makes the 
setting of the control for adequate pro- 
tection both critical and difficult. 

Maximum allowable motor loadings 
are not the problem of this paper, but it 
should be noted that the recommended 
service factors established by National 
Electrical Manufacturers Association ap- 
ply to motors tested in still air, while in- 
variably for air cooled condensing units 
there is an air blast over the motor. 


Figure 2. Performance curves for open-type 
condensing unit 
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Figure 3. Pull-down and cycling curves for typical beverage cooler 


The control must, therefore, protect the 
motor from dangerous overload, but allow 
loading up to a reasonable temperature 
limit when favorable conditions are im- 
posed, It has been found that some con- 
trols adequately protect the motor from 
high current overloads, but do not reset as 
fast as the motor itself cools, and may 
thus keep the motor off the line and the 
equipment inoperative much longer than 
is necessary. 

Typically, motors for this service are 
loaded to give maximum rated steady- 
load conditions. For cases where the 
pulldown time is of the order of an hour 
or so, the motor may be loaded tempo- 
rarily over its normal rating but because 
of the relative infrequence of this oc- 
currence, no detectable decrease in the 
life of the motor is found, 

Typical performance standards as set 
by the industry for maximum design 
operating conditions read as follows: 
“Tests shall be made at 90, 100, and 110 
per cent of rated voltage at the unit serv- 
ice connection, and at rated frequency. 
Operation shall be continuous for four 
hours after equilibrium is established, 
The power supply shall then be inter- 
rupted for ten seconds and resumed for 
one hour, The motors shall operate for 
four hours continuously without inter- 


ruption by motor overload, without dam- 
age by overheating, and without injury. 
After the ten-second shutdown and re- 
application of power, the unit is to start 
within five minutes and run for one hour 
without trip or damage.”’ raya 

The motor and control circuit for an 
application of this class is shown in Figure 
5. Note that the motor is subject to 
automatic starting whenever the suction 
line pressure rises high enough to indicate 
that the fluid surrounding the evaporator 
demands refrigeration. 
such as milk 
coolers, have such a long pulldown time 
that special means must be used to avoid 
either overloading the motor or requiring 
an oversized motor. Milk coolers com- 
monly have a large water bath which is 
cooled during the period when milk is not 
being chilled until an ice bank forms in a 
thick layer on the evaporator tubes. The 
addition of several cans of milk at or near 
“cow” temperature adds a sudden load to 
the system which is partly carried by 
melting the ice and warming the water 
slightly. After the milk is chilled in the 
required time (approximately three hours) 
the system must build up a reserve for use 
at the end of the next 12 hours. Original 
pulldown time for such a system is com- 
monly 10 to 12 hours so the motor would 
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capacitor start induction run motor on a refrig- | 
eration machine 
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be badly overloaded if left to operate” 
under conditions shown in Figure 2. 


Usually a specially adjusted valve which 


restricts the flow of low pressure gas to 
the compressor is used to keep the unit 
working at full capacity for the maximu 

time. ; 


A typical loading-time curve is shown 
in Figure 6. While such a control is” 


not strictly part of the motor protection — 


equipment, it does show that every at- 
tempt is made to keep the motor loaded 
to its maximum capacity. 

Protection of equipment and personnel 
sometimes requires other controls such as 


fusible plugs (or other pressure-relief de- 


vices) in the refrigerant high pressure line, | 


or a high-pressure cutout (either hand or 
automatic reset) in the motor line. Fu- 


sible plugs are generally used on small air-_ 


cooled condensers to avoid an explosion in 
case of fan motor failure or stopped-up 
condensers, while high-pressure cutouts 
are generally used with water-cooled con- 


densers to protect in case of water failure, 


although they may also be used on the 
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Figure 4 (left). Open-type condensing unit, 1/2 horsepower, ait cooled 


Figure 6 (below). Typical operation curves for a milk cooler application 4 
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Figure 7. Winding temperature curves of 
motor for hermetic condensing unit, 1 /6 horse- 
power 


Refrigerating Machines Using 
FHP Hermetic Motors 


The typical applications in which FHP 
hermetic motors are used in refrigerating 


_ machines are essentially the same as those 


a 


listed in the previous section. Gen- 
erally, either type of unit can be used. 
As mentioned later with certain systems 
hermetic motor-compressors have some 
advantages but open-type units will con- 
tinue to be used widely, especially for the 
odd power supplies and those applications 
where easy replacement of motor or com- 
pressor, independently of each other, is 
necessary. 

The principal reason for the trend to- 
ward hermetics is that in systems which 
can be made otherwise leak-tight and 


“which use very small refrigerant charges, 


the use of a hermetic compressor removes 
one more hazard to long, trouble-free 
operation. 

The essential differences in the systems 
(as regards the motor) which affect the 
control problem are: (1) the inclusion of 
the motor windings in the refrigerant gas 
(necessitating special care with windings 
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and insulation); (2) better control of 
motor winding temperatures, partially in- 
dependent of motor loading; (3) require- 
ment for external starting and overload 
protection (Centrifugal switches and 
sliding brushes will not operate in an at- 
mosphere of refrigerant); and (4) the 
necessity for a fan for condenser air in- 
dependent of the compressor motor. 

With the motor windings surrounded by 
relatively cool refrigerant, the motor heat 
goes into the gas with the interesting re- 
sult that the motor load current is some- 
times no longer a good measure of motor 
temperature as it is in open motors. It is 
possible under some conditions to keep 
the motor under safe operating tempera- 
tures for all loads up to the stalling point 
on torque! Such loadings are obviously 
not reasonable as a sufficient torque mar- 
gin must be allowed for low voltage and 
abnormal operating conditions, as well 
as starting, but the two basic motor 
limitations of temperature and torque 
are under nearly separate control. Figure 
7 shows the variation of winding tempera- 
ture in motor current for a particular 
equipment. 

Two methods of overload protection for 
hermetic motors are currently possible; 
one (located apart from the motor) de- 
pending essentially on motor load current, 
but with the overload relay adjusted to 
the requirements of the particular 
application; and the other (‘‘dome 
mounted” on the motor compressor case) 
depending largely on the actual tempera- 
ture of the windings, but biased partly by 
current. Both methods have their ad- 
vantages and their adherents. 


“Dome”’ 


mounted relays are sometimes subject to 
the varying effect of air flow in different 
locations, while the ‘‘remote”’ relays sub- 
ject to current only might tend to reset 
sooner than motor temperatures would 
justify at high ambients. Either can give 
adequate protection if properly designed 
and applied. 

The starting control for hermetic 
motors is somewhat more difficult for the 
refrigeration design engineer than for 
open motors because an external relay 
operating on motor current or voltage 
across the starting winding is necessary 
for the former whereas such control is 
normally furnished built-in with open 
motors. The real difficulty comes in the 
necessary production variation in motors 
and controls, and the possible voltage 
changes that must be allowed for. This 
problem is larger than can be dealt with in 
this paper. The control circuits for her- 
metic motors are shown in Figure 8 for 
the two methods of obtaining switching 
of the starting winding. 

One hazard which may exist on small 
air-cooled units which do not as yet 
justify much control expense is failure of 
the condenser fan motor. If it fails the 
condenser is not capable of removing 
enough heat from the refrigerant to pre- 
vent very high pressures and tempera- 
tures building up, so that the pressure 
protective device (usually a fusible plug) 
operates, thereby taking the system com- 
pletely out of use untilit is serviced. The 
reliability of fan motors is generally high 
enough so that this hazard is acceptably 
small, while on larger equipment a high 
pressure cutout is standard for other 


Figure 8 (left). Con- 
trol circuits for 
hermetic units 
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reasons and thus provides adequate pro- 
tection. 

The temperature limitations of her- 
metic motors are not as well standardized 
yet as they are on open motors. Not long 
ago one of the refrigeration industry 
standardizing groups in a draft of a pro- 
posed standard stated essentially as fol- 
lows: ‘‘For the purpose of limiting motor 
loading, the maximum published evap- 
orator temperature for air-cooled units 
and inlet and outlet water temperature 
for water-cooled units, should be such that 
motors provided with class-A insulation 
may be operated continuously for not less 
than two hours without exceeding a 
motor-winding temperature of 115 de- 
grees centigrade (239 degrees Fahrenheit) 
as measured by resistance when tested for 
performance at rated voltage and fre- 
quency under maximum operating condi- 
tions.”” No agreement was reached on 
this proposal, but it illustrates the dif- 
ference in conditions and points up the 
fact that the control and application 
problems are different for open and her- 
metic motors. 

One of the principal applications of 
hermetic compressors is in systems using 
a capillary tube (a long tube with a very 
fine bore) as a refrigerant control instead 
of a valve that can be closed. The capil- 
lary tube will allow equalizing of pres- 
sures on the high and low sides during off 
periods and thus leaves the compressor 
motor with a reduced gas compression 
plus friction and inertia as a starting load. 
This merely results in the use of a low 
starting torque motor, however, and al- 
though the relay settings are different, 
their type is the same as for high starting 
torque motors. 


Refrigerating Machines Using 
Integral Horsepower Motors 


The number and kind of applications of 
refrigeration in which integral horse- 
power motors are used are even more 
varied than those for which FHP motors 
are used, and because the equipment is 

‘ larger and more complex the problems are 
more complicated. Truck refrigeration 
units, store coolers, central plant air con- 
ditioners, freezer plants, low temperature 
units (both 1- and 2-stage), and last, but 
not least in future planning, heat pumps, 
all present slightly different problems on 
both the refrigerant and control sides, 

These applications are similar in many 
ways to other industrial applications of 
integral horsepower motors but the fact 
that often the power supply is restricted 
in starting capacity adds complexity to 
the refrigeration control problem. Some 
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Figure 10. Partial elementary diagram of control circuit for multiple unit system using sequence 
starting and interlocking controls 


very large units have been installed in in- 
dustry for use in rubber plants, petroleum 
refineries, etc., but the majority of air 
conditioning applications are made in 
hotels, office buildings, stores, and homes 
where the density of load and proximity 
of other equipment may limit the power 
drawn on starting and may even cause 
low voltage difficulties at certain times. 
Standard control equipment can handle 
these problems, but obviously additional 
features increase the initial cost and com- 
plexity. 

Consider the problem of air condition- 
ing a small office building in a downtown 
area. Such an installation might use from 
100 to 200 horsepower of installed motor 
capacity. For air conditioning reasons 
this capacity might be concentrated in one 
unit, but more generally would be in two 
or more units. The multiplicity of units 
not only gives some protection in case of 
outage of one, but also more nearly meets 
the changing needs of the building for 
cooling with the greatest economy of 
operation. 


The refrigeration units would use water 
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as the means of disposing of the heat and — 
the motors would be located in some 
machinery room with suitable ventila-— 
tion, but without other special cooling. | 
For this reason the motor loading would — 
be designed to utilize the service factor | 
at the maximum expected operating con- | 
ditions of ambient temperature and load, — 
which would include the reasonable ex-_ 
tremes of weather and cooling water. 
Operation of the units would very likely | 
be nearly continuous during the cooling 
season, for the air conditioning equipment 
may have to remove moisture from the 
air even on days when the temperature is _ 
not excessive. The loading on the motors | 
would vary sharply with the weather and | 
only for relatively short periods would the. 
units be used to full capacity. 
Maximum loading would occur, per- 
haps, for only 400 hours per year, during 
which time the motors might also be in 
the highest ambient temperature. The 
total temperature of the motors is there- 
fore at the maximum only a small per- 
centage of the time, although the hours of 
operation under any load might be from 
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1,000 to 2,000 hours per year. (In com- 
mercial refrigeration plants the above 
conditions are essentially true except that 
the total operating time might be some- 
what above 2,000 hours per year.) 

The control problem with integral 
horsepower differs from that with frac- 
tional horsepower motors. With the 
latter, it is desirable to be able to allow 
temporary overloads right up to the 
maximum allowable thermal capacity, 
but with integral horsepower motors the 
control function is largely to start the 
motors, possibly under reduced voltage, 
and switch them as required to meet the 
load with the fewest units operating. The 
overload protection must, of course, be 
capable of preventing damage due to 
unusual loads, emergency conditions such 
as caused by damaged bearings, and 
special situations such as single-phase 
operation. 

Sometimes instead of switching operat- 
ing units on and off the refrigeration cir- 
cuit has its capacity reduced by modulat- 
ing the capacity of the compressor to 
pump gas, thereby reducing the load on 
the motor. The same effect also can be 
realized by reducing the speed of the 
driving motor, as with a 2-speed motor. 
Additional controls are needed for these 
functions. 

As a guide in the application of motors 
to the refrigeration industry, one of the 
standards reads as follows: ‘‘For the pur- 


p pose of limiting motor loading, evapo- 


rator temperature limits should be estab- 
lished for each published compressor speed 
and inlet air temperature for air cooled 
units. This limit should be such that the 
motor, if provided with class-A or class- 
B insulation, may be operated continu- 
ously for not less than two hours without 
exceeding a motor-winding temperature 
rise of 50 degrees centigrade, and in no 
event should the ultimate temperature of 
the motor-winding exceed 90 degrees 
centigrade (as measured by thermometer) 


when tested for performance at rated 
voltage and at conditions specified.” 

The starting problem for a single unit 
which is not allowed to be thrown across 
the line would be relatively straight ex- 
cept that not all public utilities have the 
saine requirements. In most cases the 
increment starter (resistance, or trans- 
former) is used and the compressor may 
be left untouched—but it will not turn 
over until the starter is on the final step 
because of the high starting torque re- 
quired. Different limits in the incre- 
ments allowed in different localities 
cause considerable problems in stocking 
and shipping controls. For instance, 
Philadelphia, Kansas City, Chicago, and 
New York City all have different re- 
quirements. However, in some instances 
the total starting current is limited and 
then the compressor must be ‘“‘unloaded”’ 
so it can be started against only friction, 
inertia, and a very low compression 
torque. This must be done automatically 
with the controls interlocked with the 
starting switch. 

During the past year, the increasing 
load on the public utilities has manifested 
itself in some localities by voltages which 
are lower than normal. All equipment 
must, of course, be designed to operate at 
ten per cent under normal voltage but 
sometimes 220-volt motors used on 208- 
volt networks on which the voltage is be- 
low nominal have proved very difficult 
to protect with overload relays and heat- 
ers set by the usual rules. Low voltage 
is a difficulty to contend with on air con- 
ditioning equipment control even under 
less difficult times, however, for many 
installations particularly of the smaller 
horsepowers may be in outlying business 
areas, or in residences and small business 
houses where the internal wiring is not 
capable of taking the load without ex- 
cessive voltage drop. In some rural 
areas, even with the intensive campaign 
in recent years, voltages as low as 75 volts 


have been reported occasionally. The 
most frequent complaint in such cases is 
that the motor will not start or has burned 
out. 

Thus, the problem of applying con- 
trol which will utilize the potential capac- 
ity of the motor and still protect it from 
damage is made very difficult. 

Any one system may be made auto- 
matic with nearly perfect success, but it is 
the production variations between motors, 
power supplies, and heaters for overloads, 
for example, that have caused many 
cases that should have been satisfactory 
to turn into complaints. In some cases, 
the manufacturing tolerance build-up in 
standard controls has prevented a motor 
from carrying its rated service factor load. 
The refrigeration design engineer working 
closely with the motor and control engi- 
neers will solve this problem in time, and 
it will, no doubt, be the valued source of 
additional published studies. 

As an example of the control circuit 
needed on a single unit Figure 9 is shown. 
In the other extreme is Figure 10, which 
is the elementary diagram of a multiple 
unit system using sequence starting and 
various interlocking controls on fans, 
compressors, et cetera. 

Refrigeration systems used in low tem- 
perature work have an added complica- 
tion since the pull-down time is long and 
the load heavy until operating conditions 
are reached. Often there is no feasible 
way to accomplish pull-down without 
overloading the motor so that frequently 
a 60-horsepower motor must be applied to 
a job that only draws about 30 horsepower 
when running under normal rated con- 
ditions. 

Such a condition results in ineffi- 
cient use of the motor and since the 
motor controls must be arranged for the 
maximum conditions, some extra protec- 
tion is needed to indicate malfunctioning 
under normal operation and prevent 
damage to any part of the circuit. 
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The 3-Phase Oscilloscope as an 


Harmonic Analyzer in Power Systems 


E. B. KURTZ 


FELLOW AIEE 


HE purpose of this paper is to show 

the significance of harmonic patterns 
produced on a polyphase oscilloscope, to 
explain how they arise, and to relate the 
results to symmetrical systems. <A series 
of patterns for various combinations of 
harmonics is presented. 

The 3-phase oscilloscope and its de 
rivatives can be used as a polyphase volt- 
meter, polyphase ammeter, polyphase 
power factor meter,’ polyphase synchro- 
scope,” phase sequence indicator, sym- 
metrical component analyzer, and poly 
phase waveform analyzer. This paper 
deals with its use as a waveform or har 
monic analyzer in polyphase systems. 
It will be shown how its use makes pos- 
sible determining (1) the order of the 
harmonic, if present, (2) the magnitude of 
the harmonic, and (3) the phase sequence 
of the harmonic, that is, whether positive 
or negative with respect to the funda- 
mental 


Three-Phase Oscilloscope 


The distinguishing feature of the 38- 
phase oscilloscope is its deflection system 
which provides deflections along three 
axes separated 120 degrees in space, 
Figure 1 illustrates a 3-phase electromag- 
netic deflection system, 

When sinusoidal 3-phase currents flow 
in the deflection coil windings, a rotating 
flux field of constant magnitude and con- 
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presentation at the ATER Fall General Meeting, 
Cleveland, Ohio, October 22-26, 1951. Manu- 
script submitted March 13, 1950; made available 
for printing September 5, 1951, 


E. B. Kurrz and R. H. Burknarpr are with the 
State University of Iowa, Iowa City, Ia, 


2056 


R. H. BURKHARDT 


STUDENT MEMBER AIEE 


stant angular velocity is produced as in a 
3-phase induction motor, ‘The phase se- 
quence of the currents and the connections 
to the coils determine the direction of 
field rotation, The electron beam of the 


cathode ray tube is deflected by this 
field to produce a circle on the screen, 
The diameter is directly proportional to 


the current magnitude, 
Harmonic Patterns 


Harmonies cause deviations in the cir 
cular pattern, When currents of two dif 
ferent frequencies flow in the deflection 
system, two circular motions of different 
frequencies are superimposed, This pro 
duces a pattern having loops or nodes, 
Similar patterns are produced in one 
method of frequency comparison where 
sources of different frequencies produce 
superimposed circular motions in a con 
ventional oscilloscope through the use of 


Figure 1. Three-phase electromagnetic de- 
flection system designed for use on 3-inch 


RCA oscilloscope. Coils are wound to 
respond to voltage 
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phase-shift networks.*~? Forrest ob- 
served 3-phase harmonic patterns with an 


oscilloscope placed in a 8-phase field. | 


The mathematics of these patterns has 
been worked out by Rangachari,® 

A process of graphical construction is 
illustrated in Figure 2 for opposite rota- 
tion and in Figure 8 for same rotation for 
a second harmonic, The vector repre- 
senting the harmonic rotates around the 
outer end of the vector representing the 
fundamental. The fundamental thus may 
be considered to produce a sweep for the 
harmonic, 

The experimentally produced patterns 
of Figure 4 were obtained in the labora- 
tory with two 8-phase generators con- 
nected in series, The relative speeds and 
field excitations of the generators deter- 
mined the frequency ratio and relative 
inagnitudes of the voltages, By observing 
the motion of the spot on the screen while 
the generator was moving very slowly the 
direction of rotation of the spot was es- 
tablished. Opposite rotations were ob- 
tained by interchanging any two of the 
3-phase leads from the harmonie gener+ 
ator, 


Analysis 


The ratio of harmonic to fundamental 
can be calculated from 


Figure 2. Graphical construction of pattern 
produced by a fundamental and second har- 
monic having opposite phase rotation 
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Graphical construction of pattern 
produced by a fundamental and a second har- 
monic having same phase rotation 


Figure 3. 


where R is the maximum radius and r is 
the minimum radius of the pattern. 

A loop or node begins to form as the 
percentage of the harmonic is increased to 
100/n per cent of the fundamental where 
n is the order of the harmonic.’ This is 
due to a cancellation of velocities of the 
superimposed circular motions. 

The rule from which phase sequence 


and harmonic order may be determined is 


as follows: When the loops are on the 
outside, phase rotation is opposite and 
there are n+ 1 loops. When the loops are 
on the inside, phase rotation is the same 
and there are n—1 loops.® 


Three-Phase Harmonics 


In symmetrical 3-phase circuits each 
phase is identical with each of the others. 
Consequently, the currents drawn or 
voltages generated are identical. The 
waveform of the phase voltages or cur- 
rents has the same mathematical ex- 
pression except for the 120 degree phase 
shift. It is important to notice that this 
is actually a time shift and represents 120 
electrical degrees for the fundamental 
only. In a given amount of time a har- 
monic, because of its higher frequency, 
travels through more electrical degrees 
than the fundamental. For the kth har- 
monic the shift is k x 120 degrees. 

If the sequence of the fundamental is 
called positive, then in this symmetrical 
case, the fourth, seventh, and tenth har- 
monics also have positive sequences and 
cause a rotation of their respective mag- 
netic fields in the same direction as the 
rotation of the fundamental. The second, 
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PERCENTAGE HARMONIC 


Figure 4. Screen patterns produced by combining 3-phase fundamental and harmonic volt- 
ages of different order, varying percentages, and with same and opposite phase rotation 


fifth, and eighth harmonics have nega- 
tive sequences. The third, sixth, and 
ninth harmonics are exactly the same in 
all phases. They may be said to have 
zero sequences. Zero sequence currents 
can cause no deflection in the 3-phase 
oscilloscope since the fields along each 
axis will be equal at any instant and the 
vector sum of these fields is zero. 

The sequence of any harmonic in a 
symmetrical system can be determined by 
the application of the following rule: If 
n=1+3m, the sequence is positive; if 
n=2-+3m, the sequence is negative; and if 
n= 3m, the sequence is zero, where 7 is the 
order of the harmonic and m=0,1,2,3,... 


Advantages 


The main advantages of the polyphase 
oscilloscope in harmonic analysis may be 
summarized as follows: (1) The use of 
the fundamental as a sweep eliminates the 
need for synchronizing an external sweep 
generating circuit. (2) The use of the 
fundamental as a sweep virtually elim- 
inates the fundamental from considera- 
tion in the waveform. With a conven- 
tional oscilloscope using a linear time 
sweep, the shape of a complex wave con- 
sisting of a fundamental and a single har- 
monic depends on the relative phase 
positions of the two components. How- 
ever, on the 3-phase oscilloscope, phase 
changes catise merely a rotation of the 
pattern. This advantage disappears when 
more than one harmonic is present. (3) 
The use of all 3 phases of the system per- 
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mits this oscilloscope to indicate the rela- 
tive phase sequences of the fundamental 
and harmonics. (4) The percentage of a 
single harmonic can be obtained readily 
from the pattern. 


Conclusion 


The 3-phase oscilloscope makes pos- 
sible presenting in a novel manner useful 
information about the order, sequence, 
and magnitude of harmonics, if present, in 
3-phase systems through its use of re- 
volving flux fields produced in its poly- 
phase deflection system. 
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Discussion 


Louis N. Stone (Oregon State College, 
Corvallis, Oreg.): The authors are to be 
complimented for their very fine work on 
this oscilloscope. Reference to their earlier 
work, reference 2, shows how simple this 
device really is. 

I would like to know if they have extended 
the use of this oscilloscope to the investiga- 
tion of currents on the various types of 
3-phase transformer connections. By using 
current coils instead of potential coils this 
type of investigation could be readily car- 
ried out. 

I believe the authors could clarify an 
apparent discrepancy that exists between a 
statement in the text of the paper and 
figure 4. A statement in the section on 
3-phase harmonics indicates that the third, 
sixth and ninth harmonics are the same in 
all phases; that they may be said to have 
zero sequence; and that zero sequence cur- 
rents can cause no deflection on the 3-phase 
oscilloscope. The patterns shown in figure 
4 for a frequency ratio of 3 to 1 show some 
very definite deviations in the fundamental 
frequency deflection pattern as shown in 
the percentage harmonic columns. 

Possibly this discrepancy lies in the defi- 
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nition of a 3-phase harmonic. I wonder if 
two ordinary 3-phase alternators can be 
connected in series and operated at different 
speeds to produce triplen harmonics. For 
example if a 3-phase fundamental and a 3- 
phase wave of three times the fundamental 
frequency are added by employing two 
series 3-phase generators, the three-time 
fundamental wave will have its respective 
phase components displaced 120 electrical 
degrees. However, the third harmonic of a 
3-phase fundamental will have its compo- 
nents in phase. 

This is only a minor detail and in no way 
is meant to detract from the very fine work 
the authors have done on the 3-phase 
oscilloscope. 


E. B. Kurtz and R. H. Burkhardt: The 
usefulness of the 3-phase oscilloscope for 
investigating transformer, currents and the 
significance of zero sequence harmonics are 
closely related. We have obtained 3-phase 
oscillograms using current coils on the 
oscilloscope which show a strong fifth har- 
monic in the exciting currents flowing in a 
set of transformers connected in a 3-phase 
system. Any other harmonics having 3- 
phase relationships will appear in the re- 
sulting patterns along with the usual indi- 
cations of current magnitude and unbal- 
ance. However, the prominent third har- 
monic to be expected in the transformer 
exciting current does not appear because it 
is a zero sequence harmonic. 

We consider zero sequence harmonics to 
be those in which the currents or voltages 
at the harmonic frequency have precisely 
the same magnitude and angle in all three 
phases relative to a fixed reference. If a 
zero sequence harmonic is applied to the 
3-phase oscilloscope, the magnetic fields 
produced along the three axes of the de- 
flection system exactly balance each other 
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at all times and no beam movement due to” 
this harmonic occurs. 

The symmetrical systems to which we 
refer have exactly the same waveshape in 
each phase, except for a shift of one-third 
period between each of them. In order that 


the waveshape remains the same, each har- 


monic must pass through zero at exactly the | 
same point relative to the fundamental in~ 
its own phase. 


Confusion may arisé wher 


we try to specify these relations in degrees, — 


because one-third of the fundamental — 
period corresponds to 120 degrees of the 
fundamental only. For the second har- 
monic the shift is twice as large an angle, 
240 or -120 degrees. 
quence reversal of the second harmonic 
relative to the fundamental. Note that we 
are still referring to the symmetrical system 
where all waveshapes are the same. When 


the third harmonic is moved one-third of | 
the fundamental period to maintain the — 
constancy of waveshape, it is really shifted _ 
by three times 120=360 degrees or one | 
complete cycle of the third harmonic fre- 
Thus all of the | 


quency in each phase. 
third harmonic components in a given set 
of symmetrical waveforms have the same — 


phase angle when multiples of 360 are re- | 
moved. This is why the third harmonic is | 
called a zero sequence harmonic in a sym- 


metrical system. 


The patterns of Figure 4 show a third 
harmonic because the method of producing — | 


the harmonics, using two 3-phase alter- | 


nators connected in series, forced the third | 


This causes the se-_ 


harmonic currents into 120 degree 3-phase _ 


relationships. Physically this means that 
the three complex waveforms obtained from _ 
the alternators were not identical even when i 
the one-third period shift is taken into ac- 


count. These unsymmetrical or non-identi- | 
cal waveforms were able to produce third — 
harmonic patterns because the third har-_ 
monic fields did produce revolving magne ij 


fields and did not cancel. 


ceed 
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Progress in the Electric Power Industry 


I. E. MOULTROP 


FELLOW AIEE 


Synopsis: The subject of this paper con- 
cerns the progress that has been made in 
the generation of electricity by steam and its 
distribution. It is significant that the two 
authors selected by your committee to dis- 
cuss this subject are both power plant de- 
signers, and that their two working life- 
times cover the whole history of electric 
power generation since its beginning. That 
there has been progress in the electric power 
industry during this brief span of years is 
well illustrated by Figure 1, which shows 
that electrical residential rates on a national 
basis have a history of continuously lowering 
during the past 50 years while, at the same 
time, the cost index has been continuously 
rising. Where else than in the electric power 
industry can such a record of progress be 


_ shown? 


A Story of Progress 


BOILERS 


EFORE going into a more technical 
analysis, let us review the physical 
equipment back of this concrete record of 
achievement to see if the road behind 
points out the road ahead. Figure 2 isa 
model of the first Edison station, the Pearl 
Street Station in New York. Boilers are 
tiny, hand-fired, and operated at about 
100 pounds steam pressure. Figure 3 
shows a Roney stoker under a power 
boiler. These boilers operated at about 
200 pounds pressure and are much larger 
in size. Figure 4 shows an underfeed 
stoker-fired boiler, similar to types which 
were installed through the 1920’s. The 
capacity is up to several hundred 
thousand pounds per hour, and pressures 
up to 1,200 pounds; temperatures up to 
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725 degrees could be obtained. Figure 5 
shows a boiler fired by two underfeed 
stokers. Such boilers were installed in 
the late 1920’s and early 1930’s, and some 
were of very large capacity. Figure 6 
shows a boiler, installed in the late 1920’s 
burning pulverized coal. Notice the use 
of refractory walls. Such furnaces, al- 
though practical, required high main- 
tenance and were of small size. Figure 7 
shows a modern pulverized coal-fired 
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Figure 1. National average residential rev- 
enue per kilowatt-hour compared to construc- 
tion cost index 


boiler. Note that the use of refractories 
has almost disappeared. Such boilers 
can be made in extremely large sizes, and 
pressures up to 2,500 pounds, and tem- 
peratures up to 1,050 degrees are avail- 
able today. 

In thinking over these pictures of the 
progress of boiler design, we should con- 
sider the principal indications or trends 
in their design. From the very start, 
continual progress is to larger and larger 
units. We also note a continued tendency 
to operate at higher pressures and tem- 
peratures. Has there been a continuous 
improvement in efficiency? Actually, not 
of any great moment. James Watt’s 
early boilers for pumping-engine service 
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in England had test efficiencies of 86 per 
cent, while the newest and best boilers 
today rarely exceed 90 per cent. AI- 
though not shown on these pictures, but 
connected with the boilers and the prog- 
ress of their design, we should not forget 
the improvements which have been made 
by the use of regenerative feed water 
heating, as well as by the use of the reheat 
cycle. 


TURBOGENERATORS 


Let us see what the history of prime 
moyers and generators can show us. 
Figure 8 shows the first Boston station 
with Edison Jumbo generators. This is a 
d-c machine of about 120-kw capacity. 
Figure 9 shows the Atlantic Avenue en- 
gine room some 10 years later. Note 
that the generator brushes ride on the face 
of the commutator. Capacities up to 
2,000 horsepower were not too uncommon 
in such large compound steam engines. 
Figure 10 shows a room full of vertical 
turbines, first installed about 1905, in 
operation today for peak loads. The 
maximum capacity of a single unit is 
15,000 kw. Steam conditions are 200 
pounds, 525 degrees. Figure 11 shows a 
turbine room of the late 1920’s. The 
main units operate with 400 pounds, 725 
degrees steam. Such 1,800-rpm ma- 
chines were available up to 150,000-kw 
capacity. This station also contains three 
of the early 1,200-pounds 725-degree tur- 
bines. These machines were of a type 
which did not become popular for another 
20 years. In other words, they were top- 
ping turbines, a small high-pressure unit 
taking the steam from 1,200 pounds down 
to approximately 400 pounds, then the 
steam returning to a header, and in this 
case, being reheated before going to the 
low-pressure turbine. Figure 12 shows a 
modern 3,600-rpm turbine. 

The dominant fact brought out by this 
brief review has been the great extension 
in the available heat range which is re- 
sponsible for the great progress in fuel 
economy. The use of condensers brought 
the lower level of useful heat downward to 
low temperatures and very low pressures 
while the extension to higher tempera- 
tures, pressures, and the use of reheat 
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raised the upper level of available heat. 
The efficiency of utilization of the avail- 
able energy changed moderately from a 
figure of 70 per cent for a compound en- 
gine to perhaps 86 per cent for a modern 
turbine, 

The tendency to large sizes is important 
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Figure 3. Babcock and Wilcox boiler with 


Roney stoker 


and the cycle efficiency improvements due 
to regenerative feedwater heating should 
also be noted. 


SWITCHING 


The electrical side of the power business 
also has quite a history of progress, Figure 
13 shows a Pearl Street switch in 1882. 
This is quite a far ery from Figure 14 
which shows a d-c switch in service today 
but which was built in the early part of the 
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Figure 4. Underfeed stoker 


century. Figure 15 shows 6,900-volt 
hand-operated oil switches. These were 
put into service early after the transfer 
from direct to alternating current and are 
still in service. Figure 16 shows a 14,000- 
volt oil circuit breaker. Installed in 
segregated compartments and fully auto- 
matic, these were a great advance over 
the switches available at the time and 
many of those installed as early as 1904 
are still in daily use. Figure 17 shows a 
14,000-volt modern airblast switch at the 
Mystic Station. These represent the 
latest available development and have 
by no means reached the top of their 
possibilities for rapid operation and capac- 
ity of interruption. Figure 18 shows a 
69,000-volt outdoor oil switch. These 
were developed in the late 1920’s and are 
available in this country up to 300,000 
volts. 


AIEE TRANSACTIONS 


The picture that can be seen from this 
series of illustrations on the development 
of switching shows a very similar tend- 
ency to the prime mover and generator 
equipment; in other words, a definite 
tendency towards larger units and a very 
definite tendency for an increase in volt- 
age. But it should be noted that the de- 
velopment to a maximum voltage of 
250,000 came quite early and there is some 
indication that voltages much above this 
figure are far in the future. There has 
been a steady growth in interrupting 
capacity and a steady increase in speed 
of opening and reclosing. There is some 
indication that the change in types 
travels in cycles, from air-break switches 
to oil-break switches and back to air- 
break again. 


TRANSMISSION 


An important part of the electrical 
power business is transmission. Of course 
in the early stages when direct current was 
used, there was no transmission as we 
understand it today and when the transfer 
from direct to alternating current was 
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BOILERS 


(Continued) 


Figure 5 (upper left). 
Double stoker 


Figure6 (upperright). 
Early _ pulverized- 
coal boiler 


Figure 7 (right). 
Modern pulverized- 
coal boiler 


Head Place 


Jumbo generator, 
Station 


Figure 8. 


Figure 9. Compound engine generators 


reached, it was clear from the start that 
transmission at high voltage was desir- 
able. Figure 19 shows an early transmis- 
sion line at 110,000 volts. This type of 
construction is in marked contrast to 
Figure 20, which shows a modern high-ten- 
sion transmission line for 110,000 volts but 
of wood pole construction. The change 
from the steel towers to wood has been 
made with an improvement in resistance 
to lightning and with a substantial de- 
crease in cost. The progress in cable con- 
struction is likewise significant. The 
sample of early transmission cable, as 
shown in Figure 21, was installed in 1911 
and is still in use at 14,000 volts with a 
solid oil-impregnated insulation. Modern 
transmission cable, as shown in the cross 
section in Figure 22, is filled with oil under 
pressure and has little more insulation 
thickness for operation at 110,000 volts. 
Other insulating mediums such as inert 
gas are used in modern cable. The pic- 
tures suggest that the rise in voltage to 
approximately a maximum of 350,000 
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TURBOGENERATORS 


Figure 11. Hori- 
zontal turbines— 
1,800 rpm 


volts, a-c overhead occurred quite early 
and that there has been little tendency to 
exceed this voltage in present-day prac- 
tice. Underground cables were some- 
what slower, but the maximum voltage 
of 110,000 volts was reached fairly early 
with solid cable, modern practice going to 
cheaper and better construction involving 
oil and gas-filled cables and the pipe-type 
construction involving high-pressure gas 
or oil. 


TRANSFORMATION 


Along with high-voltage transmission, 
apparatus for transformation of voltages 
had to be developed at the start. Figure 
23 shows the Pearl Street regulators. 
These, of course, are not transformers as 
we understand them in modern a-c prac- 
tice. They are, in fact, carbon-packed 
theostats. The purpose, however, is for 
the control of the voltage in the individual 
d-c feeders. The construction is shown 
for the Pearl Street Station in 1882. 
With the conversion to alternating cur- 
rent, modern transformers appear. Figure 
24 shows an early air-blast transformer of 
approximately 5,000-kva capacity. Some 
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Figure 12. 


Modern turbines—3,600 rpm 


transformers of this type are still in serv- 
ice. Figure 25 shows a much later, 
standard oil-filled transformer and Figure 
26 shows a modern oil-filled transformer. 

A review of the progress of transformer 
development shows a rapid increase in 
size and voltage to match transmission re- 
quirements. There was a definite change 
from single-phase to the 3-phase units. 
From the very start, as indicated by the 
Pearl Street regulators, there were many 
special types. From the standpoint of 
efficiency no piece of apparatus was ever 
as satisfactory as the transformer. The 
fundamental principles were early de- 
veloped and applied to produce practically 
perfect machines. 

The final phase of the electric power 
business concerns distribution. 


te 


DISTRIBUTION 


Figure 27 shows Pearl Street connec- 
tions in 1882. These were the principal 
d-c feeders leaving Pearl Street Station. 
D-c distribution, which was in the form of 
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SWITCHING 


Figure 13. Pearl Street switching 


Figure 14 (left). 
D-c switch 


Figure 15 (right). 
Hand-operated oil 
switch 


Figure 16 (left). 

14,000-volt auto- 

matic oil circuit 
breaker 


Figure 17 (right). 

14,000-volt auto- 

matic air-blast circuit 
breaker 
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SWITCHING 


(Continued) 


Figure 18. 66,000-volt outdoor oil circuit breaker 


Figure 19 (left). 

Early 110,000- 

volt transmission 
line 


Figure 20 (right). 

Modern wood 

pole, 110,000- 

volt transmission 
line 
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Figure 21. Early solid cable, 14,000-volt service Figure 22. Modern oil-filled cable 110,000-volt service ae 
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PRIMITIVE REGULATING APPARATUS USED AT THE 
PEARL STREET STATION IN 1882 


Figure 25. 


a network, was early supported by large 
storage-battery installations as shown in 
Figure 28. This is still in operation. As 
the distances increased and the advan- 
tages of a-c distribution became apparent, 
the departure was to a-c, radial overhead 
distribution, as shown in Figure 29. 
The problems of overhead distribution in 
congested city districts led to the radial 
underground distribution with trans- 
formers set in manholes and with under- 
ground ducts, The problem of radial, a-c 
distribution was met in the early 1920’s, 
as shown in Figure 30, by typical nonat- 
tended automatic substations. 

The problem is solved today very dif- 
ferently, as shown in Figure 31, by change 
from radial distribution to the secondary 
a-c network. Instead of the large sub- 
stations, the substations consist of en- 
tirely automatic underground vaults tied 
into a network system. Here again, the 
philosophy of design has turned the full 
circle back to the substantial networks 
which were common in the d-c days. An- 
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Oil-filled self-cooled transformer 


TRANSMISSION 


Figure 23 (left). 
Pearl Street regu- 
lators 


Figure 24 (right), 
Early _—_air-blast 
transformers 


« 


other method of solving the problem is 
illustrated in Figure 32 which shows an 
entirely automatic factory-built primary- 
network substation. Here the network is 
on the 4,000-volt side. The economies in 
attendance and care and first cost are ap- 
parent from the illustrations. Finally, 
Figure 33 shows the typical unit-type 
substation again, factory-built and unat- 
tended and fully automatic, which serves 
radial primaries in the same way that the 
typical automatic substation of Figure 30 
used to do. What can be seen from these 
few brief illustrations of the progress of 
distribution ? 

We see the progress from the early d-c 
network going to the a-c radial system and 
back again today to the a-c networks, 
both on the primary and secondary ends. 
We see today factory-built unit substa- 
tions taking the place of the large build- 
ings of the early days. If we wished to 
take the time, we could have shown you 
many of the modern tricks of distribution, 
such as, the banking of transformer 
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Figure 26. Large modern oil-filled transformer 


secondaries, the improvement in capacity 
of distribution systems by the addition of 
capacitors and the widespread use of pole- 
type voltage regulators. 


The Technical Side 


We have reviewed the past progress of 
the electric power industry and com- 
mented on certain trends which can be 
read into the data presented. Let us now 
see what some of these generalizations 
mean in their technical aspect. 


LARGE SIZE 


A review of the past has stressed the 
tendency toward large size. Generally 
speaking, it is easier to build good and 
efficient equipment in the larger sizes 
than it is in small sizes. Many of the 
friction and loss quantities are fixed by 
the existence of the machine itself and 
large size reduces them in proportion to 
the total output. In addition, large size 
permits introducing refinements in design 
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Figure 29. 


which would be of so small total effect in 
smaller equipment that they could not be 
afforded, This is plain on the mechanical 
side of the problem with the old 120-kw 
jumbo generator; it would have been 
difficult to justify five stages of feed- 
water heating, even if this concept had 
been fully appreciated at the time. How- 
ever, in a modern large-sized turbogen- 
erator of 100,000 or 150,000 kw, it is very 
simple to go to seven or even nine stages 
of feed water heating. Similarly, in the 
use of reheat, certain fixed losses are in- 
troduced into the cycle which could not 
be tolerated in a small unit. In large 
units these fixed losses are not too much 
greater, and the possibilities of obtaining 
the true theoretical gain from reheat can 
be realized. In such a simple matter 
as the use of modern feedwater treatment, 
which is essential to the use of large- 
capacity,  high-tension, high-pressure 
units, large-scale operation makes pos- 
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Early a-c radial overhead construction 


DISTRIBUTION 


sible the employment of suitable personnel 
and suitable equipment for the compli- 
cated feedwater treatment, which could 
not possibly have been afforded by the 
small-scale operations 50) years ago. 


THE CYCLE 


A review of the progress of the past has 
shown an increasing use of higher tem- 
peratures and pressures. Figure 34 
shows the effect of modern pressures and 
temperatures on the cycle efficiency. The 
use of this figure, with the engine effi- 
ciency ratio shown in Table I, permits the 
calculating of the performance of any par- 
ticular cycle which you may desire. The 
ideal cycle efficiencies are drawn without 
regenerative feedwater heating and the 
effect of this is taken care of in the effi- 
ciency ratio. The choices between getting 
better cycle efficiency from increased 
pressure or increased temperature are 
clearly indicated. Both are effective if 


Moultrop, Orrok—Progress in the Electric Power Industry 


Figure 28. Battery room 


Figure 30. Radial, manual, and automatic substation 


operations are conducted on a large 
enough scale. One of the early troubles 
with high pressure was concerned with the 
leakage losses in the small-capacity ma- 
chines considered at that time. These are 
not such important factors in the large- 
scale machines that are being built today. 
Suffice it to say that substantial gains in 
cycle efficiency can be obtained with more 
certainty by the increase of temperature 
rather than by pressure. 


PRIME MOVER AND GENERATOR 


Throughout our review of the past, 
there has been a continuous increase in 
prime mover speed and size. With our 
choice of the 60-cycle frequency for a-c 
use; we have run into a natural limit on 
speed of 3,600 revolutions a minute with 
the 2-pole generator. On the other hand, 
it is not apparent that we have exploited 
anywhere near to the limit the size of 
machines that can be built for this speed. 
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Figure 33. 


Under this heading should be discussed 
the important advantages which have oc- 
curred to 3,600-rpm prime movers and 
generators by the use of hydrogen cooling. 
This has permitted a marked reduction in 
physical size or, on the other hand, a 
marked increase in capacity, and suggests 
many possibilities for future develop- 
ments. 


ELECTRICAL 


In electric equipment, the tendency to 
larger sizes and capacities has come to 
match the growth of prime movers. They 
have had their own advantages in sim- 
plicity, in lowered costs of switching and 
transformation. The efficiency of trans- 
mission and distribution after the aban- 
donment of the d-c system was good. 
There has been no great improvement in 
this today. As we have indicated in our 

survey of the past, the rise in voltage oc- 
curred quite early in the development of 
the power industry and presents many 
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Figure 34. 


technical aspects. The use of higher volt- 
age makes the problems of insulation and 
of corona discharge much more critical, 
Higher voltage, of course, permits the use 
of the same copper to distribute more 
power with satisfactory losses. There is 
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considerable question as to the future 
field for use of voltages beyond the 350, 
000-volt level. It may well be, however, 
that for local transmission and distribu- 
tion considerably higher voltages than 
those now used may prove desirable. 
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From our review, the trend to factory- 
built substations, prefabricated and pre- 
wired, is overwhelming. This trend offers 
no fundamental electrical problem and its 
extension is expected. At the same time, 
the trend to special types and special de- 
signs makes factory standardization diff- 
cult, especially where the volume is low. 

One of the most significant features in 
transformer design, is the wide variety, 
such as tap changing under load, trans- 
formers for phase-angle shift, and for 
voltage control. The various means of 
cooling also are interesting. Many early 
transformers used forced air. Later 
transformers were filled with oil, cooled 
first by natural circulation, then by using 
forced air, then by forced water. Now- 
adays we are using forced oil and forced 
air, and instead of oil, we are using the 
fireproof Askarels and are even reverting 
to the straight air-cooled transformers. 
We have touched briefly on the progress 
of distribution system design. The pos- 
sibilities are endless in the development 
from radial to network systems, and it is 
possible that the standardization which 
this large-volume field has brought about 
has hindered progress rather than en- 
couraged it. 


Lessons for the Future 


This brief review of the technical and 
physical aspects of the progress in the past 
in the electric power industry may well 
point out certain important lessons for 
the future. 


LARGE SIZE 


The lessons of the past undoubtedly 
suggest that the units of the future will 
show a continued growth to larger sizes. 
This, of course, is the present handicap of 
gas turbines today. Their use for large 
power systems is largely circumscribed by 
their small size. Large electric power 
generating systems today have a peak 
load of as much as 2,000,000 kw and it 
would be ridiculous to add units to such a 
system having much less than 200,000-kw 
capacity. It will be many a day before 
gas turbines of 200,000-kw capacity are 
available, but every effort should be 
made to develop ordinary steam units for 
this size and larger. 


BETTER Cycle EFFICIENCY 


A very fundamental part of the prog- 
ress of the electric power industry in the 
past has been due to continuous improve- 
ments in cycle efficiency. Itis believed, in 
the future as in the past, that the major 
forward steps will come by extending the 
available heat range upward by increased 
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pressure and particularly increased tem- 
peratures. Today, the top temperature 
that is used for power generation is 1,050 
degrees Fahrenheit. There is an im- 
mediate need for metallurgy in piping and 
in equipment which will withstand 1,200 
degrees Fahrenheit and it seems, in the 
very near future, that we must be pre- 
pared to consider temperatures up to as 
high as 2,000 degrees Fahrenheit. Very 
likely the answer to this problem is not 
metallurgical. Perhaps such tempera- 
tures can be contained only by using lower 
pressures in the cycle as is done for the gas 
turbine. On the other hand, it may well 
be that a solution may be reached by a de- 
sign of piping and equipment with re- 
fractory and insulating linings inside the 
pressure-resistant shell and provided with 
local cooling. : 

In any case, the tendency in the past 
for higher and higher temperatures is a 
lesson for those who are planning the use 
of atomic energy for power purposes. 
Atomic energy must be used at a high 
heat level to be justified by the results. 
Such an expensive fuel cannot be wasted 
as a substitute for oil and coal. Atomic 
scientists should bend their efforts toward 
the conversion of high potential energy to 
power, rather than considering means to 
degrade energy to the point where it can 
be contained in conventional equipment. 

A similar lesson might well have been 
learned years ago by the proponents of 
the binary vapor cycles, such as the use of 
mercury in turbines. Between ordinary 
temperature limits the steam cycle can do 
quite well with the energy available. The 
excellent thermodynamic characteristics 
of mercury should have been utilized at 
much higher temperature levels. 

The hopes for improvements in the 
steam cycle itself must be placed in the 
future not only in utilizing higher tem- 
peratures and pressures but also in re- 
ducing the percentage of heat rejected in 
the condenser by by-product use and by 
recirculating heat. By recirculating heat 
is meant all the varieties of heat traps, 
such as air heaters, economizers, and 
boiler feed heaters. It might be well to 
insert a word of caution that in consider- 
ing heat traps it is not desirable to push 
recirculation to the point that the cycle 
reaches the dilemma which held the gas 
turbine for so many years. In other 
words, no net output. The principle of 
the gas turbine has been well recognized 
and understood for more than 100 years. 
During that time, many models were 
built. The only difficulty was that more 
power was used in recirculating energy, in 
the air compressor, than was delivered by 
the turbine. 
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PRIME MOVER AND GENERATOR 


As the preceding sections have d 
cussed, the first efforts of our manufe 
turers should be concentrated on exten 
ing the range of heat available to t 
prime mover by the use of higher te: 
peratures, pressures, and better cycl 
The development of large 3,600-rpm tt 
bines and generators way beyond t 
capacities now available is also urgent 
needed. One step in this direction w 
the widespread development and use 
hydrogen cooling. The design today re 
resents a triumph of detailed, careful « 
sign. The advantages that were obtain 
by hydrogen cooling in the reduction 
physical size and increased capacity a 
efficiency have rarely been excelled. 
should not be forgotten, however, in tl 
success that there are other approach 
and other means of generator cooling m 
well yield equally startling progress. 

The progress in generator voltage 
sign has been nowhere near as satisf< 
tory. Ata very early stage in their ¢ 
velopment, 14,000 volts were used 
American generators and, while admitti 
that there may be many technical reaso 
why extremely high-voltage generate 
are not practical, it would seem to us tk 
doubling or tripling of present voltas 
would reduce the amount of copper in o 
machines, as well as reduce mechani 
and cooling stresses. 

In the actual detailed construction 
generators today, there is a tremendc 
amount of skilled handwork and tec 
niques which were well developed in 18: 
This is typified by the widespread use 
hand-split mica. It would seem th 
modern manufacturing methods and 
sign aimed at improved insulation, i 
proved cooling, and the suppressing 
corona could achieve important progr 
in electric machine design today. The 
is recent evidence of progress in this dir 
tion. 

A similar field for modern manufactt 
ing methods lies in the manufacture 
laminated cores. The insulation 
laminations, their punching and burri 
and assembly, are awaiting improvemer 
which would lower costs and elimin< 
vibration and the resulting noise. 

The comments so far under this headi 
have been largely electrical in nature a 
this proceeds from the idea that turbir 
can be built much larger in capacity th 
the generators which are now availab 
At the same time, we have full realizati 
that the mechanical detailed design 
turbines today with the large amount 
skilled hand work and fitting could 
very largely improved. Careful: fur 
tional design in such simple matters 
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blade roots, nozzle block caulking, and 
sealing strip caulking could easily be 
transferred from the realm of skilled 
artistry to mass production. 


SWITCHING 
¥ 


The tendency towards larger capacity 
and faster switching has been clearly 
brought out by ourreview. There may be 
some question as to the ultimate desir- 
able size and interrupting capacity of 
switching, but there can be no doubt of 
the desirability of minimizing by faster 
action and better relaying the burning of 
cables, windings, and cores that occur in 
short circuits. 

Considering the present rate of load 
growth, the ultimate size of the electric 
load cannot be predicted. It may be that, 
rather than the design of apparatus with 
larger interrupting capacity, what is 
needed is a design of transmission and 
distribution systems which will limit the 
interrupting capacity thrown on the 
switching. This is obtained at present by 
sectionalizing, by limiters, by splitting 
networks into smaller parts. The op- 
portunity exists for system design of a 
fundamental nature to anticipate and 
provide for the growths that the future 
will bring us. 

Mention should be made of porcelain, 
so widely used as an insulator on our 
electric systems. It is indeed a difficult 
engineering material, subject to cracks, 
absorption, and brittleness and there are 
few ways to measure its satisfactoriness 
for service. With the higher voltages, 
higher speeds, and higher mechanical 
stresses that are coming in the growth of 
our electrical industry, some better ma- 
terial is badly needed. 

Another bugaboo of the electric system 
are the moving contacts such as are found 
in regulators and tap changers and in the 
switches themselves. The problem of the 
moving contact has never been solved 
properly. 

Silver plating, wiping contacts, are 
all improvements, but perhaps the so- 
lution is not a matter of detail but 
of a complete new approach. It may be 


that the power switching of the future will 
be done electronically in tubes. 


TRANSMISSION 


The needs for the future in the field of 
transmission are clearer. Lower-cost 
cables which can beinstalled more econom- 
ically than present practice are neces- 
sary. If lower-cost methods of installa- 
tion could be combined with some method 
of assuring that the cable is installed with- 
out damage from pulling, it would be ex- 
tremely desirable. 

It seems there is a field for standardiza- 
tion in transmission design similar to the 
unit designs of the distribution substa- 
tions, On the overhead transmission 
lines, the control of lightning and of sleet 
are still none-too-well worked out and 
could benefit from further effort. The 
very real limitations on the long distance 
transmission of large amounts of power 
suggest an opportunity for fundamental 
research. It may well be that a continua- 
tion of the work on high voltage d-c 
transmission would prove fruitful. 


DISTRIBUTION 


Returning once more to the distribu- 
tion system of the electrical power in- 
dustry, this is a mass production item, and 
because it deals in the lower voltages and 
with repetitive installations, it is not so 
glamourous as some of the other fields of 
endeavor. It should be borne in mind, 
however, that the extremely large in- 
vestments which power companies make 
in their distribution system warrant the 
most intensive engineering studies. The 
extremely long life of distribution sys- 
tems, as in all the equipment of the power 
industry, is also important. The first in- 
stallation should provide for future 
growth without frequent rebuilding. 

Perhaps two phases of the distribution 
system design call for the most immediate 
attention. One is the great need for 
lower-cost underground construction. 
Modern cities’ civic pride and indeed the 
high-density power requirements of a 
modern city force conversion to under- 
ground distribution. If new techniques, 


new approach, or new modern machinery 
could develop a lower-cost underground 
distribution system, it could be put in 
originally and the high cost of later con- 
version could be avoided. The second 
urgent need is for improved reliability in 
the overhead distribution system. Aerial 
cable may be one of the answers to this 
problem. The situation is just the re- 
verse of the underground problem. Mod- 
ern overhead construction is relatively 
economical. Furthermore, repairs to the 
overhead system are quickly and econom- 
ically made. It is perhaps for this 
reason that no great improvement in the 
reliability of the overhead distribution 
system has been made. 


TRANSFORMATION 


The future of transformer design would 
appear a simple problem and will un- 
doubtedly be a continuation in the de- 
velopment of larger and larger 3-phase 
units. The problem of the tap changer 
and of the moving contacts has been dis- 
cussed. It is certainly desirable that 
there be an immediate solution to the 
noise problem. There seems no reason 
why a piece of nonrotating equipment 
should present a problem to the acoustical 
engineers every time it is installed in a res- 
idential area. 


CONCLUSIONS 


In summing up this review of the prog- 
ress of the electric power industry, it 
seems clear that continued progress to 
low-cost power as shown on Figure 1 re- 
quires a reversal in the upward trend of 
the cost index. The industry will con- 
tinue its present rapid growth. Cycle 
efficiencies are going to increase as will 
the temperatures utilized. New econo- 
mies from large-scale operations will be 
realized as the sizes of equipment in- 
crease. 

Many of the annoying details 
that seem important to us today will 
vanish due to the progress of the arts. 
Nevertheless there will be, for many and 
many a year, plenty of work for the de- 
signers of the electrical power industry. 


Discussion 


John M. Drabelle (Iowa Electric Light & 
Power Company, Cedar Rapids, Ia.): The 
authors, I. E. Moultrop and G. A. Orrok, 
have contributed a valuable review to the 
literature of the electric power industry. 
To look backward is to really look for- 
ward and see the progress which has been 
made in the generation, transmission and 
distribution of electrical energy to the pub- 
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lic and to better see what lies ahead. This 
progress is that of the public utility indus- 
try of the country, together with the manu- 
facturers. 

The heat cycle in the power station is the 
real challenge, and as long as we use water 
and steam, the lower end of the steam cycle 
does not present any such opportunity of 
improvement, so we naturally turn to 
higher temperatures and higher pressures 
with the regenerative and reheat cycles, to- 
gether with the various heat traps on the 
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boiler, such as the economizer and the air 
preheater. 

With the standardization program as 
carried out jointly by the AIEE and The 
American Society of Mechanical Engineers, 
the time and effort of the manufacturer’s 
engineers can be devoted to mechanical and 
internal refinements of the steam turbine 
and its accompanying generator, rather than 
devoting all their time to recalculating 
standard machines for nonstandard condi- 
tions and various nonstandard arrange- 
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ments of extractions for feed water heating 
that contribute little or nothing in the over- 
all heat cycle. 

As has been pointed out by the authors, 
the distribution system, both overhead and 
underground, challenges as yet the in- 
genuity of the engineering fraternity. 


Herbert B. Reynolds (J. G. White Engineer- 
ing Corporation, New York, N. Y.): The 
authors have presented a splendid review of 
the power industry and have pointed the 
way_for further development. However, I 
would like to mention a few additional mile- 
stones in the progress of the art. 

First there is the last stand of reciprocat- 
ing steam engines for central station use in 
the form of the 7,500-kw units in the 74th 
Street and 59th Street Power Plants of the 
Interborough Rapid Transit Company, now 
part of the New York City Transit System. 
These engines are the largest ever built for 
central station use, the diameters of the 
high and low pressure cylinders being 44 
inches and 88 inches respectively, with a 
common stroke of 60 inches. The diameter 
of the revolving field is 32 feet. Some of 
these units are still in use for peak load and 
standby service. 

Another milestone was the addition of 
7,500-kw low-pressure turbines to some of 
these engines so that the exhaust steam 
from the engines could be used in the tur- 
bines, thus doubling the capacity of the 
units and greatly improving the efficiency, 
making them the most efficient prime movers 
at the time. This improvement was con- 
ceived by the late Henry G. Stott, a 
past president of the Institute and one of the 
pioneers in large power plant work. The 
installation of Roney stokers under the rear 
of the existing Roney fired boilers in the 59th 
Street Power Plant by Mr. Stott was prob- 
ably the first major step taken in order to 
increase the capacity of boiler heating sur- 
face. 

Another great improvement in the power 
field has been the use of the fully automatic 
ignitrons in place of the manually operated 
rotary converters for the conversion of 
alternating current to direct current. 


F. M. Gunby (Chas. T. Main, Inc., Boston, 
Mass.): We are indebted to the authors for 
recording so much so well, and also for their 
disclosure of trends. The picturing of 
some of the early works and practices is 
valuable and gives us good back sights. 

The growth of loads has made the great 
increase in the size of generating units 
feasible. 

‘Standardization within the electric in- 
dustry is one of the fundamentals upon 
which the rapid development of this huge 
industry rests. The authors skillfully give 
us the shadows from some of the early days 
before standards emerged. 

The team work which met and solved 
these problems is a memorial to the early 
figures in the electrical industry. This 
team work developed largely around the 
National Engineering Societies and AIEE 
can be proud of its major share in that team 
work. 

The authors have prepared a compre- 
hensive history or critique of the progress in 
steam electric power plant development. 
Since improvements in cycle efficiencies by 
means of higher temperatures must await 
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the development of new materials, it be- 
comes increasingly important to expand the 
installation of by-product plants. In large 
cities there appears to be an important 
opportunity for utilizing the heat in the 
steam ordinarily rejected to the condenser 
as a means of supplying the office-district 
load which is concentrated in a relatively 
small area for distribution. Industry has 
long made use of this cycle and there are 
examples of its use by utilities. 

The authors state that they have confined 
their work primarily to the generation of 
electricity by steam. The title, however, is 
broad enough to warrant a reference to 
generation of hydroelectric power and some 
of the transmission problems which have 
resulted. The following discussion touches 
on that source of energy which in 1950 
accounted for nearly 30 per cent of the total 
kilowatt-hours. 

Progress in hydroelectric development 
parallels the great advance in thermal sta- 
tion design. The use of horizontal multi- 
runner turbines of low capacity operating in 
cylindrical plate steel casings and other 
early designs are still within the memory of 
many present-day engineers. Large mod- 
ern installations use vertical shaft units. 
Probably no other factor contributed so 
materially to the advance leading to the 
modern large size vertical turbine as the 
advent of the Kingsbury thrust bearing. 

The present top of individual unit size is 
in the 120,000-kva range. Prediction of 
output limits would be essentially based on 
improvement in turbine practice resulting in 
higher speeds. This would increase genera- 
tor outputs without exceeding present rotor 
weights, which are fast approaching eco- 
nomic limits of structures and handling 
methods. 

The larger units usually have direct con- 
nected stabilized exciters and a closed 
ventilating system consisting of an air 
housing and surface air coolers. There 
have been a few outdoor installations but 
no distinct trend in that direction. 

Most large hydroelectric stations are now 
of the so-called unit design in which each 
unit is actually a complete independent 
installation having its own turbine, gover- 
nor, generator, exciter, auxiliaries, and 
step-up transformers. Some are having the 
metal-clad switchgear connected to the 
generator air housing. 

Progress in hydraulic prime movers has 
been notable in the trend to large size units. 
The limitation on the size of Francis type 
turbines has been fixed principally by the 
maximum diameter of the runner that can 
be shipped in a single piece. Larger diam- 
eters have been built with split runners but 
these have been limited to moderate heads. 

The development of the propeller-type 
turbine has increased the speed at which 
units can operate under moderate heads 
with resulting economy. The development 
of the adjustable blade Kaplan unit has 
made possible the adaptation of the propel- 
ler unit to wide variations in flow and head 
conditions. Recent trends in installation of 
Kaplan units at heads above 100 feet have 
increased the adaptability of this type of 
unit. 

Efficiencies of hydraulic turbines have not 
improved greatly in recent years. The 
maximum reported efficiency of 941/, per 
cent was obtained by the installation of the 
100,000-horsepower units in Canada. 
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Improvements in the setting of turbin 
increased knowledge from cavitation 
search, and the development of stainl 
steel protection against cavitation has 
sulted in increased speeds for both Fran 
and propeller-type turbines with consequ 
economy in both turbine and generator. 

Increased capacity of impulse units | 
resulted from development of multinoz 
vertical shaft installations. oe 

Since sites of important hydroelectric | 
velopments are usually far from large cit 
with their large loads, and generally cone 
trated steam generating facilities, this con 
tion early brought long distance transn 
sion prominently into the picture. 

The trend is toward the use of large s 
tems consisting of several stations or gr¢ 
of stations interconnected by heavy tra 
mission lines. Often several such syste: 
including both steam-electric and hyd 
electric generation, are linked up < 
operated as a single system. The cont 
can be by a system dispatcher using mod 
aids such as carrier current telephoning < 
telemetering, supervisory control, automé 
load frequency control, proportionate 
control, or tie line control. 

The protective relaying of’these large s 
tems is well understood. Great advan 
are being made in the field of power « 
patching. The simple system of yesterd 
where the regulation of the system out: 
was concentrated in an individual, appe 
doomed for the larger systems. Acce 
ated by our post-war needs, this countr 
fast becoming an integrated network 
power transmissions of such complexity t 
automatic equipment is even now assum 
the task of coordinating the generation 
many far-flung plants. 

Where hydroelectric generation w 
ample pondage is available, it is of 
economical to increase the installed ca 
city and operate the hydroelectric plants 
peak loads and as reserves. The increa 
installed capacity at such points can — 
quently be obtained at additional co 
which are relatively small. 


E. G. Bailey (New York, N. Y.): The 
thors have presented a very pertinent rev 
of progress in an outstanding indus 
where engineering, invention, and devel 
ment, together with progressive mané 
ment, have resulted in continually lowe1 
the cost of equipment while increasing 
output in spite of advances in wage r< 
and the influence of inflation. The fut 
will require the best of engineering | 
management to maintain the stand 
already recorded. 

The statement in the paper that be 
efficiencies were 86 per cent in the day: 
Watt and only 90 per cent now may be1 
leading to some, because there is more to 
story than just these two figures. ‘ 
average boiler efficiency was probably be 
70 per cent throughout all steam generat 
history until 1900. It is usually in the I 
80’s today. The over-all thermal efficie 
of Watt’s pumping unit was about 4 
cent as against 8 per cent for the averag 
1920; 20 per cent in 1949, and 37 per « 
for the best operating plants last year. 

The great reduction in cost of generat 
steam has been due to the very high out 
per pound of boiler steel and the reductio 
manpower per unit output. The credit 
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| of this is shared by the manufacturers of 
| kinds of equipment, as well as by the 
msulting engineers, management, and 
yerators. 

The future improvements likewise will be 
ared by all in their continuation of interest 
id contribution of engineering abilities. 
The plant operators have striven for a 
gh reliability of equipment, and it has been 
proved, ‘ thereby necessitating only a 
irrow margin of spare capacity. 

As a user who has experienced 40-odd 
urs outage in supply twice in the past 
ree years, there is still a problem of win- 
ng the battle of reliable distribution to the 
timate user against the elements. 


. E. Funk (Philadelphia, Pa.): The au- 
ors have presented a very excellent pic- 
re of the progress in the electric power 
dustry over the years, for which they 
ould be complimented. 
There are several items, however, to 
hich I wish to refer: 
(1). In the abstract, the impression is 
‘finitely given that the improvement in the 
ficiency of generating electrical energy has 
en primarily responsible for the great 
duction in the cost to the customer. This 
not true. The vast improvement in 
ficiency has been practically wiped out by 
e increased price of coal, labor and power 
ant equipment. Thus, today the bus bar 
st, including both operating and annual 
pital costs, is little different than it was 
) years ago, even with a great improve- 
ent in load factor. 
As a matter of fact, the reduction in cost 
is been attained through greater customer 
sity, greater individual customer use, 
eater individual customer load factor, 
‘tter diversity factor, and a tremendous 
crease in total load. 
(2). Ido not feel that we will move too 
pidly into units of 200,000-kw capacity. 
The capital cost per kilowatt does not de- 
ease very greatly for unit sizes over 150,- 
(0 kw, neither does the operating cost. 
hus, the larger size units may require the 
stallation of more capacity to safeguard 
e system, which at $150 per kilowatt over- 
mes the small saving from the larger size. 
(3). I would not cast the gas turbine 
ide too lightly because of its size. There 
ay be locations in any large system remote 
om circulating water where small gas tur- 
nes can be placed at a great saving in local 
ansmission and with improvement in serv- 
e reliability. 
(4). Admitted there is an optimum volt- 
‘e which permits a winding of the best elec- 
ical and mechanical characteristics, but 
is somewhere between 14,000 and 20,000 
ts, and not two or three times the present 
tage. 
I would assume without having made any 
Iculations that the weight of copper de- 
nded upon the speed of the machine and 
; capacity, and that voltages of 28,000 or 
000 would increase the copper weight 
ther than reduce it, because of increased 
sulation thickness. This would tend to 
crease the differential expansion of iron 
id copper; thus accentuating some of 
ir present troubles. 


illiam F. Ryan (Stone & Webster Engi- 
ering Corporation, Boston, Mass.): At 
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this moment in history when every engineer 
in the power industry is overloaded with 
immediate and pressing problems it is for- 
tunate that somebody has taken the time to 
review our progress to date and give some 
thought to long range future developments. 
We are indebted to Messrs. Moultrop and 
Orrock, not only for their own thoughtful 
and factual presentation, but for the stimu- 
lus their paper has given all of us who have 
read it to crystallize our own thoughts re- 
garding future progress. Iam sure we all 
agree that progress will continue at an 
unslackened pace, but each of us may place 
more emphasis on particular objectives. 

It is possible, for example, that we should 
place more emphasis on reducing capital 
costs than on larger capacities or higher 
efficiency of generating units. The Engi- 
neering-News Record Cost Index, shown in 
Figure 1, has relatively little significance in 
the power industry. On the one hand it 
does not reflect the progressive inefficiency 
of construction labor, which makes actual 
costs even higher than the index would indi- 
cate, and on the other hand it does not 
allow for the technological advances which 
have enabled the designers of power plants 
and power systems to offset, in large part, 
the rising costs of material and labor. Ac- 
cording to our own index of power equip- 
ment costs, the boilers which Mr. Moultrop 
installed at L Street, 50 years ago, would 
now cost 18.8 times as much as they did in 
1901, if anyone should care to install boilers 
of that size and design. However, the same 
heating surface would now generate about 
seven times as much steam, and the latter 
amount of steam would generate nearly 30 
times as much power per square foot of 
boiler heating surface. Actually, steam 
generating equipment costs less now, per 
unit of electrical output, than it did at any 
time prior to about 1939. The outstanding 
challenge to designers today is to hold capital 
costs in line. 

Another item which deserves more present 
thinking for future progress is the cost of 
maintenance. Our boasts regarding de- 
creased costs of labor and fuel are not 
matched by decreases in maintenance ex- 
pense. It is open to question whether the 
cost of maintenance, per kilowatt year, is 
any less in our largest and most modern 
plants than it was in the first plants that 
Mr. Moultrop, or Mr. Orrock’s distinguished 
father ever designed. 

It would appear also that radical ad- 
vances must be made in the art of local 
distribution. The traffic on our local dis- 
tribution systems is increasing faster than it 
is on the highways, but the systems them- 
selves have more in common with the streets 
of downtown Boston than they have with 
the freeways of Los Angeles. Radical de- 
velopments are required, not only to reduce 
costs, but because we shall soon be unable 
to get enough conductors of the present type 
into our city streets. 

As mentioned in the beginning, it is good 
to find someone who will take the time to 
look forward. Mr. Moultrop has been do- 
ing that for 60 years, and Mr. Orrock will 
still be doing it 60 years from now if progress 
in longevity parallels progress in the power 
industry. 


I. E. Moultrop and G. A. Orrok: The au- 
thors feel very complimented at the caliber 
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and quantity of the discussions presented 
and wish to thank the discussers. 


John M. Drabelle 


Mr. Drabelle emphasizes the importance 
of standardization. We agree with this and 
his other suggestions. 


Herbert B. Reynolds 


This discussion makes a very good addi- 
tion to the paper, amplifying the section on 
the early reciprocating steam engines and 
boilers. The engineering work of Mr. H. G. 
Stott is outstanding in our field. 


F. M. Gunby 


Mr. Gunby makes a very valuable addi- 
tion to the paper in discussing the develop- 
ments in the hydroelectric generation of 
power. 


E. G. Bailey 


We can only agree with Mr. Bailey’s 
careful analysis of boiler efficiencies. His 
discussion adds value to the paper. 


N. E. Funk 


This valuable discussion brings up several 
of the debatable points in the paper and we 
must agree that the efficiency of electrical 
generation is not the whole story on low 
cost. Nevertheless, had the generating 
efficiency not improved, costs would be 
much higher than they are today. The in- 
crease in total load and in load density have 
been tremendous factors in holding the cost 
of electricity down. The point we wish to 
make is that similar growth and increase of 
load density have been common to other 
types of industry and other types of product 
where the same reduction in price of the 
commodity to the consumer has not ensued. 
As to the economic size of units this, of 
course, is a question which can be solved only 
for each specific unit as it comes up. We 
must agree that it is very easy to purchase 
too large a unit for a given installation. On 
the other hand, for many installations reli- 
able units of a large-enough size have not 
been available. This discussion sheds 
more light on the question of gas turbines 
and on the optimum generator voltage. 


William F. Ryan 


Mr. Ryan throws additional light on two 
important problems of electric power sta- 
tion design: the first on capital cost, and 
the second on the cost of maintenance. The 
authors have not stressed in the paper the 
importance of the progress in the design of 
power plants toward reduced maintenance 
expense. Actually, a comparison of the 
operating figures will indicate that the cost 
of maintenance has varied more in propor- 
tion to the capital cost of the equipment in- 
stalled than with the cost of kilowatthours. 
This fact is only what might be expected, 
but the desirability of directing design to- 
ward reduced maintenance costs can not be 
emphasized too strongly. 


Many of the discussions emphasize the 
point with which we would like to close. 
The development of the power industry has 
been the result of the collaboration of many 
individual engineers, of the power com- 
panies, of the manufacturers of equipment, 
the National Engineering Societies, and 
many others. We can all take pride in our 
share in this great development. 
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HE original transmission system of 

The Hydro-Electric Power Com- 
mission of Ontario was placed in service 
in 1910. In December 1950 the total 
peak load of all the Commission’s sys- 
tems was about 2,715,000 kw, exceeding 
that of the previous year by over 22 per 
cent. The purpose of this paper is to re- 
view the transmission developments of 
the Commission in both 115-kv and 230- 
kv classes. 

In the field of high-voltage transmission 
the Commission was one of the pioneers, 
first in 1910 with its original 115-kv net- 
work and later in 1928 with its adoption of 
230-ky transmission. The Commission 
also was one of the pioneers in the de- 
velopment and use of the suspension in- 
sulator, which was fundamental in in- 
creasing voltages beyond 90 kv. 

Today in 1951, the Commission has ten 
trunk transmission circuits bringing power 
at 230-kv from eastern generating sources 
to the load centers in central and western 
Ontario, as shown in Figure 11. An ex- 
tensive 230-kv 60-cycle network is being 
built up, to cover the whole of southern 
Ontario. When the frequency standardi- 
zation program, now under way is com- 
pleted, the five trunk circuits at present 
operating at 25 cycles will be included in 
the 60-cycle network. 


Paper 51-383, recommended by the AIEE Trans- 
mission and Distribution Committee and approved 
by the AIEE Technical Program Committee for 
presentation at the AIEE Fall General Meeting, 
Cleveland, Ohio, October 22-26, 1951. Manu- 
script submitted April 3, 1951; made available for 
printing August 30, 1951. 


J. E. SpRouve and F. L. Cope are with The Hydro- 
Electric Power Commission of Ontario, Toronto, 
Ont., Canada. 


The authors wish to acknowledge the assistance in 
the preparation of this paper of their colleagues, 
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sion Consultant of the Commission’s electrical 
engineering department, 
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At present the Commission’s trans- 
mission systems, include nearly 3,000 cir- 
cuit miles of 230-kv construction and 
about 4,600 circuit miles of 115-kvy line. 
Some 492 route miles of 230-kv double 
circuit construction will have been 
erected at the end of the present pro- 
gram, as compared to the 45 route miles 
of double-circuit line previously in serv- 
ice. 

Changes in design of the towers and 
lines are discussed, and the frequency of 
lightning and other outages has been com- 
pared for the various types of construc- 
tion, The securing of a low tower footing 
resistance on the Commission’s existing 
230- and 115-kv lines is the object of a 
construction program now in progress. 

Studies now under way involve a pos- 
sible 500 miles of additional 230-kv trans- 
mission line, which will likely use larger 
conductor sizes than the 795,000 circular 
mil steel reinforced aluminum cable which 
is the present standard. 

Stability problems will become less im- 
portant as the size of the 230-kv network 
becomes greater. Hence the load carry- 
ing capacity per circuit will tend to in- 
crease until it reaches a limit set by the 
system losses. With a high load factor, 
the system tends to become more sensi- 
tive to the cost of transmission losses, and 
the proposed use of larger conductors 
seems justified on this. basis. 


Early 115-Kv Transmission Lines 


In 1908, the original 115-ky transmis- 
sion system of the Commission was de- 
signed, to consist of 244 route miles of 
double circuit and 36 route miles of single- 
circuit steel tower lines and involved 13 
stations and terminals. Suspension in- 
sulators were used which were a new and 
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untried field for this voltage at that time. 
Five static wires were provided during 
the trial period of this double-circuit con- 
struction, but this was changed to only 
one overhead static wire. The first lines 
built used a triangular configuration as 
shown in Figure 1(A), with a span length 
of 550 feet. Lightning outages on the 
double-circuit section of these early lines — 
taken over the period from 1941 to 1949 
were equivalent to 4.85 lightning out- 
ages per 100 circuit-mile-years. Glaze 
outages were equivalent to 0.89 outage 
per 100 circuit-mile-years. The light- 
ning outages may involve only momen- 
tary loss of facilities, but the glaze outages” 
can result in the loss of the affected cir- 
cuits for many hours. 

Ice loading of conductors produced two 
kinds of problems. Under certain tem- 
perature conditions and in relatively still 
air when the ice suddenly fell off a heavily 
ice-loaded circuit, the conductor would 
jump vertically upwards and contact the 
conductor above. A second phenomenon 
now referred to as “‘galloping or dancing 
conductors’’ involved a critical condition 
of light glaze coating and moderate quar- 
tering wind, under which conductors were 
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Figure 1(A). McGuigan type double-circuit 
steel tower used on original 115-kyv construc- 
tion in 1910 
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Figure 1(B). ‘SAA type double-circuit steel 
tower used on 115-kv lines built in 1914 


observed to rise and fall in a rhythmic 
motion.! These critical conditions could 
persist for hours, and flashovers between 
conductors in the same vertical plane 
caused frequent line outages. 

In 1914, the designs of the Commission 
were altered to that shown in Figure 1(B) 
using a span length of 630 feet. This 
change was made to increase the clearance 
between phases and to reduce the angle of 
protection, as well as to use larger con- 
ductors with a longer span length. The 
performance record for these lines over 
the same period gave 2.38 lightning out- 
ages per 100 circuit-mile-years. These 
lines were located in good agricultural 
land, and hence had low tower footing re- 
sistance. The outages due to glaze con- 
ditions were equivalent to 0.63 outage per 
100 circuit-mile-years. Trouble was ex- 
perienced on this design due to galloping 
conductors and the vertical spacing was 
increased by the use of extension bars in 
the insulator strings. 

In 1917, under wartime conditions, the 
Commission built its first 115-ky wood 
pole line, 68 miles long, which wasa single- 
pole arrangement sometimes referred to 
as the “‘wish-bone” type with a span 
length of 350 feet and using 3/0 steel re- 
inforced aluminum cable, as shown in 
Figure 2. 

During the period from 1920 to 1928 
progress in the design of the Commission’s 
115-ky circuits involved a trend towards 
longer spans and towards larger con- 
ductors with higher conductor tensions. 
Tower height was restricted by the 
prevailing knowledge of lightning phe- 
nomena at that time. 
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IIS KV WISHBONE TYPE SC. STRUCTURE. 


Figure 2. ‘tWishbone’’ type single-circuit 

wood pole structure used on 115-kv line 

built in 1917. Ground wire generally pro- 
vided 


In order to provide greater separation 
and also a horizontal displacement suffi- 
cient to avoid interference under “‘gal- 
loping’”’ conditions, the 115-kv double- 
circuit steel tower design was altered in 
1920 from that shown in Figure 1(B) to 
the type shown in Figure 3(A). 

The circuits constructed in 1920 were 
designed for 880-foot spans. The con- 
ductors were 605,000 circular mil steel re- 
inforced aluminum cable, and the ruling 
tensions 8,000 pound maximum under 
loading conditions involving an 8 pound 
wind on 1/2-inch radial ice thickness at 


Figure 3(A). 


1920 type 115-kv double- 
circuit steel tower 
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32 degrees Fahrenheit, and 3,110 pounds 
at 60° Fahrenheit. In 1928, the standard 
span was increased from 880 feet to 1,056 
feet with the tower height only increased 
sufficiently to maintain the same con- 
ductor tensions and ground clearances, 
see Figure 3(B). 

The problem of aeolian vibration of 
conductors was first experienced seriously 
with this design. Breakages of individual 
strands in the conductors of this 1928 de- 
sign were found even before the line was 
placed in operation, and the 1920 design 
with 880 fcot spans was then found to be 
also suffering from individual strand 
failures. Strand failures due to crystalli- 
zation have since been minimized by the 
application of armor rods later supple- 
mented by vibration absorbers.? 

Data covering the performance of the 
115-ky double-circuit construction built 
between 1920 and 1928 for the 10-year 
period ending December 31, 1949, show 
an average of 3.12 outages per 100 circuit- 
mile-years due to lightning and 1.17 out- 
ages per 100 circuit-mile-years due to ice 
conditions. 


Recent 115-Kv Line Construction 


Recent 115-kv line construction by the 
Commission has been designed to in- 
corporate improved lightning protection, 
with greater clearances so as to minimize 
outages due to ice conditions and gallop- 
ing conductors, and with vibration ab- 
sorbers to decrease thé breakage of in- 
dividual strands in the conductors. 

The 115-kv single-circuit steel tower 


Figure 3(B). 


1928 type 115-kv double- 
circuit steel tower 


B95 
MAX. SAG. 


POWER CONDUCTORS -6 — 

GROUND CABLES =al 
STD.SPAN IOSOFT. FOR 605000 CM.ACSR. 
WEIGHT OF STD.SUSP. STRUCT. 12670 LB. 


1ISKV. 1928 TYPE D.C.SUSRP TOWER. 


2073 


POWER CONDUCTORS - 6 

GROUND CABLES = 
STD.SPAN 1050 FT. FOR 375 MCM. COPPER. 
WEIGHT OF STD. SUSP STRUCT. 14943 LB. 


IIS KV. 1940 TYPE D.C. SUSP TOWER. 


Figure 4, 1940 type 115-kv double-circuit 


steel tower 


construction now uses 1,056-foot spans 
with 477,000-circular mil steel reinforced 
aluminum cable as shown in Figure 6(A). 
This design made use of one high single 
static wire. 

The outage record on these 115-kv 
single-circuit steel tower lines shows 2.71 
lightning outages per 100 circuit-mile- 
years. There were no outages due to ice 
conditions during the period from 1941 to 
1950 inclusive. 

Recent 115-kv double-circuit 

tower construction uses 1,056-foot spans 
with 605,000 circular mil steel reinforced 
aluminum cable conductors as shown in 
Figures 4 and 5. The single static wire 
also has been raised higher, and the hori- 
zontal offset of the center conductors has 
been increased beyond that for the former 
designs. The tower type shown in Figure 
4 was based on a full loop clearance! and 
was very successful, but the weight was 
excessive. The tower shown in Figure 5 is 
a modification of this and is the type now 
being used. 
_ A number of 115-kv single-circuit lines 
have recently been built using twin pole 
construction rather than the “‘wishbone’”’ 
type formerly used. Two overhead static 
Wires are supported on structural steel 
extensions as shown in Figure 6 (B). 

Regarding lightning performance of 
these wood pole lines there has been a 
great variation in the data for different 
circuits. This is probably to be expected 
and is likely due to wide differences in the 
type of country through which the lines 
were built. 
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IIS KV. 1945 TYPE D.C.SUSR TOWER. 


1945 type 115-kv double-circuit 
steel tower 


Figure 5. 


Early 230-Kv Single-Circuit 
Construction 


In October 1928, the Commission 
placed in service its first 230-ky single- 
circuit steel tower line 230 miles in length 
to bring 25-cycle power to south-western 
Ontario from the Paugan Generating 
Station of the Gatineau Power Company. 
The initial terminal station was located at 
Leaside near Toronto. A second single- 
circuit line paralleling the first was 
brought into service in July 1930. With 
the completion of the Chats Falls Gen- 
erating Station in 1931, a third 230-kv 
circuit was constructed. 

The design of the steel towers for these 
three original circuits is as shown in Figure 
7(A). These lines all used 795,000 circular 
mil steel reinforced aluminum cable con- 
ductors (54 aluminum by seven steel 
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strands) with a span length of 1,056 feet | 


’ 
| 


and were provided with two 3/8-inch — 


high-strength steel static wires. 


Thew 


designed. maximum conductor tensions _ 


under loading conditions involving an 8- 


pound wind on 1/2-inch radial ice thick- 
ness at 32 degrees Fahrenheit were 10,000 


pounds in the power conductors and — 


4,300 pounds in the static wires. At a 


temperature of 60 degrees Fahrenheit | 


these tensions were respectively 4,360 — 
and 1,250 pounds. 
Protection from possible vibration dam-_ 


age was provided on the first circuit by in- — 


stalling at suspension points, a reinforce- — 
ment consisting of a 6-foot length of the 


conductor as shown in Figure 10. While — 


this form of reinforcement has given ex- 

cellent service, the second and third 
circuits were provided with vibration 
protection by the installation of standard 
armor rods. 


These types of vibration — 


protection have been satisfactory and in- : 
spection to date has shown no breaks due © 


to vibration. 


These three original 230-kv single-cir- | 


cuit lines covering the total operating 


period from 1928 to December 31, 1950 — 
show an average of 1.44 lightning outages _ 
per 100 circuit-mile-years. Table I gives © 


the classification of the lightning outages 
into single-line to ground, double-line to 
ground, and 3-phase. Also this table — 
gives the relative number of lightning 
outages involving one, two or three cir- 
cuits. Those outages known to have oc- 


curred on the connecting lines in the Proy- _ 
ince of Quebec, which are not the prop- — 


erty of the 
omitted. 


Commission, have been 


In 1941, a fourth 230-kv trunk circuit — 


was built to bring 25-cycle power di- 


rectly from the Beauharnois Generating — 


Station to the Leaside terminal. 


Figure 6(A) (left). 1939 type 115-kv single- 
circuit steel tower : 


Figure 6(B) (below). Twin pole 115-kv 
single-circuit wood structure 
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230 KV. 1927 TYPE S.C. SUSP. TOWER. 


Figure 7(A). 1927 type 230-kv single- 
circuit steel tower (Gatineau circuits) 


the same time a second 230-kv terminal 
station was established at Burlington. 

The 1941 single-circuit steel tower de- 
sign, see Figure 7(B), involved an increase 
in span length from 1,056 feet to 1,150 
feet. In order to maintain the same 
ground clearance at the longer span, the 
higher strength (26 aluminum by seven 
steel strands) 795,000 circular mil steel 
reinforced aluminum cable was used, 
strung to a maximum designed tension of 
12,000 pounds. The two ground cables of 
3/8-inch galvanized steel were elevated 
eight feet higher than in the previous de- 
sign in order to remoye the loci of the mo- 
tion! of the static wires from those of the 
power conductors, so as to provide greater 
clearance under the assumed conditions. 
Vibration protection was provided by 
means of vibration absorbers—approx1- 
mately one-half of the line being equipped 
with Stockbridge dampers and one-half 
with T and B torsional dumbbell-type 
dampers, Figure 10, as developed in the 
Commission’s laboratory.? Both dampers 
were used singly; that is, two per span. 
The two ground wires were protected 
against vibration by the use of festoons, 
see Figure 10. 

Tower footing resistances in the earth 
section at the western end of the line did 
not generally exceed 15 ohms, but for the 
rock section covering some 95 miles to- 
wards the eastern end continuous counter- 
poise was laid consisting of two 5/16-inch 
steel conductors, mostly buried in the 
ground under the outer phase wires. 

Lightning outages on this single circuit 
230-kv line built in 1941 up to the end of 
December 1950, as shown in Table II, are 
equivalent to an average of 0.30 lightning 
outage for 100 circuit-mile-years. These 
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Figure 7(B). 1940 type 230-kv single- 
circuit steel tower (Beauharnois circuit) 


outages also are classified as to the num- 
ber of phases involved. 

A fifth 230-kv single circuit steel tower 
transmission circuit was completed and 
put into service in December 1948. This 
circuit transmits power directly from 
Masson Generating Station to Leaside 
Receiving Station. For this circuit the 
towers were of a new design as shown in 
Figure 8 with a normal span length of 
1,100 feet. 


First 230-Kv Double-Circuit 
Construction (1941) 


The first 230-kv double-circuit steel 
tower line built by the Commission was 
completed in 1941 from Leaside Junction 


Figure 8. 1946 type 230-kv single-circuit 
steel tower 
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Table |. Lightning Outage Record 


Original Three 230-Ky Single-Circuit Lines, 
1928-1931 
(1928 to 1950 Inclusive) 


— = 


Per Cent 
Type of Fault 
Involving one wire and ground............ 62.4 
Involving two wires and ground........... 28.2 
Involving three wires, .....cccccssvcesevccs 9.4 
Number of Circuits 

Involving one circuit only..............00: 91.4 
Involving two circuits simultaneously...... 5.4 

2 


Involving three circuits simultaneously... .. 3. 


to Burlington, a distance of 45 miles. 
The use of double-circuit construction 
was dictated partly by restricted right-of- 
way and partly by the system intercon- 
nection. Tltis double-circuit section was 
put into service in 1941 shortly after the 
fourth trunk circuit was completed. 

The tower type used is shown in Figure 
9 and a relatively conservative design was 
adopted. As aluminum was not ayail- 
able at this time, the power conductors 
utilized were type-7H segmental hollow 
core copper of 500,000 circular mil, 1.02 
inches outside diameter with seven seg- 
ments, having an ultimate strength of 
21,200 pounds. The span length used was 
880 feet and the maximum designed ten- 
sion, under loading conditions involving 
an 8 pound wind on 1/2-inch radial ice 
thickness at 32 degrees Fahrenheit, was 
9,500 pounds with a 60 degrees Fahrenheit 
tension of 4,700 pounds. No particular 
treatment of the tower footing was con- 
sidered necessary as the line was all lo- 
cated in good agricultural land. 

A single static wire of 3/8-inch steel 
was located at the tower peak, 30 feet 


Table Il. 


Revised 230-Kv Single-Circuit Line, 1941 
(1941 to 1950 Inclusive) 


Lightning Outage Record 


Per Cent 


Type of Fault 


Involving one wire and ground.... Ae £3) 
Involving two wires and ground... eden: 
Involving three wires. ....0sccccrsrrovees 12.5 


Table Ill. Lightning Outage Record 
930-Kv Double-Circuit Section, 1941 
(45 Miles) 

Per Cent 
Type of Fault 
Involving one wire and ground............ 88.9 
Involving two wires and ground........... ph An L 
Involving three wires 
Multiple outages involving both circuits..., 1 
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above the point of support of the upper 
phase conductors. The clearances were 
based on half-loop movement of the 
heavy copper power conductors and full 
loop movement of the relatively light 
ground cable. No special precautions 
were taken to protect against conductor 
vibration. 

Lightning outages on this 45-mile 
double-circuit section up to December 31, 
1950, as shown in Table III, were equiv- 
alent to an average of 1.09 lightning 
outages for 100 circuit-mile-years. One 
multiple outage occurred involving both 
circuits, but the cause of this multiple 
outage could not be accurately deter- 
mined. There were no outages due to 
glaze or ice conditions. 


Recent 230-Kv Single- and 
Double-Circuit Construction 


Five additional 230-ky trunk trans- 
mission circuits have been completed and 
put into operation during 1950, as shown 
on the system diagram in Figure 11. 
These bring 60-cycle power from the new 
hydro-electric generating stations at Des 
Joachims, La Cave, and Chenaux on the 
Ottawa River down to the load centers 
in the central and western parts of south- 
ern Ontario. Two single-circuit steel 
tower lines and one double-circuit steel 
tower line extend from Des Joachims gen- 
erating station to a midpoint switching 
station at Minden. A single-circuit 230- 
ky line connects La Cave generating sta- 
tion to the Des Joachims 230-kv bus— 
this line is now in temporary operation at 
115-ky, to connect with the Northeastern 
Region until the La Cave units begin to 
generate power in 1951. When units 
number 7 and number 8 at La Cave are 
ready for service, the addition of a second 
230-kv, single-circuit line between La 
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Figure 9. 1940 type 230-kvy double-circuit 
steel tower (Burlington to Leaside) 


Cave and Des Joachims is contemplated. 

From Minden Switching Station two 
230-kv circuits extend down to a new 
60 cycle receiving station at Kipling 
and to the existing Burlington station, 
consisting of two single-circuit lines for 
part of the distance and double-circuit 
construction for the remainder. Also 
from Minden Switching Station, a 230-kv 
double-circuit steel tower line extends to 
Essa transformer station and then to the 
E. V. Buchanan Frequency Changer and 
Transformer Station at Westminster. 
A short length of 230-kv double-circuit 
line extends southwest from Burlington 
Transformer Station, one circuit branch- 
ing off to E. V. Buchanan Transformer’ 
Station, and the other circuit extending 
to Allanburg Transformer Station in the 


Figure 10 (left) 


(A) Conductor-reinforcement 
(B) Torsional-type absorber 
(©) Ground cable festoon 
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Figure 9(A). 1949 type 230-kv double- 
circuit steel tower 


Niagara Peninsula, this latter circuit 
being in temporary use at 115-kv. From 
E. V. Buchanan Transformer Station a 
230-kv double-circuit steel tower line is 
under construction to the J. Clark Keith 
steam generating station but only one 
circuit will be strung at present. 

From Chenaux generating station a 
230-kv single-circuit steel tower line was 


built and placed in service to Ross L. — 


Dobbin Transformer Station during 1950. 
A 230-kv single-circuit steel tower line 
was also built from Peterboro to Scarboro 
Frequency Changer and Transformer Sta- 
tion, this circuit being put into tempo- 
rary operation at 115-kv in January 1951. 
This 230-kv single-circuit steel tower 
design has been altered to that shown in 
Figure 8, with a normal span of 1,100 feet 
to carry three 795,000 circular mil steel 


reinforced aluminum cable (26 aluminum — 


by seven steel strands). This tower line 


Figure 11 (below). System diagram of 230- 
kv lines in 1951 
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carries two overhead ground cables of 
3/8-inch galvanized steel. The maximum 
tension in the power conductors is 11,000 
pounds and in the ground cables 4,880 
pounds. 

The 230-kv double-circuit steel tower 
design has been altered to that shown in 
‘Figure 9(A) and includes two 3/8-inch 

galvanized: steel overhead ground wires 

instead of the single ground wire formerly 
used. The normal span has been in- 
creased from 880 feet to 1,100 feet. The 

conductors are also 795,000 circular mil 
steel reinforced aluminum cable (26 by 
seven strands), and the maximum ten- 
sions are now 11,000 pounds for the power 
conductors and 5,000 pounds for the 
ground cables. In the areas where high 
footing resistance has been encountered, 
the tower footing resistance has been re- 
duced to below 20 ohms by the use of 
counterpoise or crowfoot. 

As these new 230-kv 60-cycle circuits 
have only been put into operation during 
the latter half of the year 1950, sufficient 
time has not yet elapsed to obtain any re- 
liable figures covering lightning outages 
and operating experience. 

Standard 5-inch suspension insulators 
with 11,000 pound mechanical strength 
are used on the Commission’s system and 


for heavy duty purposes the 53/,-inch 
units rated at 25,000 pounds mechanical 
strength are used. At 230-kv the stand- 
ard number of suspension insulator units 
in a string is 18, while for 115-kv service 
eight insulator units are used. For strain 
positions 18 units are used at 230-kv and 
ten units at 115-kv. Grading rings to pro- 
tect insulator strings are not used by the 
Commission. 


, 


Conclusion 


Lightning outages can be reduced in 
number by counterpoising or other meth- 
ods of lowering the tower footing resist- 
ance. This is shown by comparing the 
performance of the fourth 230-kv circuit 
built in 1941, with that of the original 
three circuits built in 1928-1931. As vari- 
ous improvements have been incorporated 
into the design of the 115-kv steel tower 
circuits the frequency of outages due to 
lightning has been reduced. A program of 
construction to improve the performance 
of the Commission’s existing 230- and 
115-kv lines by additional counterpoising 
is now under way. The new 230-ky cir- 
cuits should provide interesting per- 
formance data, particularly on the double- 
circuit sections, when sufficient time has 


elapsed to provide reliable service records. 

Outages attributed to ‘“‘galloping or 
dancing conductors”’ caused by the rhyth- 
mic movement of glaze-coated lines under 
certain wind conditions have been stud- 
ied,1 and changes in circuit configurations 
and separation distances have been made 
to minimize this hazard. Breakages of 
individual conductor strands due to 
aeolian vibration have been reduced by 
the application of armour rods or vibra- 
tion dampers.? 

Recent changes in the design of the 
230-kv transmission system include a 
much greater use of double-circuit con- 
struction due to the restrictions on right- 
of-way. 

Larger conductors than 795,000 
circular mil steel reinforced aluminum 
cable are under consideration for future 
230-kv construction. Stability limits in- 
crease as the 230-kv network develops, 
and the increased capacity of the circuits 
causes transmission losses to become of 
paramount consideration. 
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Selection of A-C Motors for Driving 
Oil Well Pumping Units 


M. H. HALDERSON 


NONMEMBER AIEE 


Mix” TYPES of a-c motors have 
been used for oil well pumping. 
Open wound-rotor motors were used al- 
most exclusively prior to 1930. Since 
1930 the electrical characteristics of 
motors installed for oil well pumping 
range from normal torque, normal slip, 
normal starting current to high torque, 8 
to 13 per cent slip. Frame types range 
from open to explosion-proof. The diver- 
sity of types of motors used for oil well 
pumping suggests that the various types 
are equally desirable, but this is not the 
case. Experience and a more funda- 
mental approach to the evaluation of 
motors now make it possible for oil pro- 
ducers to select the type of motor that 
costs the least per horsepower capacity 
and that has the most desirable charac- 
teristics for the conditions encountered 
in driving pumping units. 

Factors that must be considered in 
selecting motors for oil well pumping are 
the type of load, starting requirement, 
initial cost of motors, and the fact that the 
motors must operate in the open. Evalu- 
ation of available motors with respect to 
these factors leads to the conclusion that 
high torque, 5 to 8 per cent slip motors in 
a drip-proof or protected frame should be 
purchased for installations where poly- 
phase electric power is available. 2-value 
capacitor type motors in a drip-proof or 
protected frame are preferred where 
single-phase power must be used. 

Motors with 5 to 8 per cent slip are pre- 
ferred for driving pumping units because 
they have the best starting characteristics 
and because, compared to normal slip 
motors, they will carry 35 per cent more 
load per name plate rating, will operate 
with 20 points higher power factor, and 
will operate with 25 per cent less peak 
power input. Drip-proof or protected 
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frames are preferred because motors 
built in these frames have the greatest 
thermal capacity per dollar invested and 
because experience has shown that these 
frames provide ample protection for out- 
door operation. 

Load characteristics are such that 
motors installed on pumping units cannot 
average an output equal to name plate 
rating without being thermally over- 
loaded. Based on tests in the field, the 
recommended procedure for sizing the two 
types of motors most frequently used for 
oil well pumping is to assume that 5 to 8 
per cent slip motors can average an out- 
put equal to 76 per cent of name plate 
rating and that normal slip motors can 
average an output equal to 56 per cent 
of name plate rating. 

Motors rated 440 volts have been 
standard for oil well pumping. Con- 
sideration of wye connecting 440 volt 
motors to permit operation at 760 volts is 
recommended where wells are spaced 
greater than 660 feet apart and where 
motors larger than 25 horsepower will be 
used. 


Electrical Characteristics 


Electrical characteristics available for 
polyphase motors include (1) normal 
torque, normal slip, normal starting cur- 
rent; (2) normal torque, normal slip, low 
starting current; (3) high torque, normal 
slip, low starting current; (4) high torque, 
5 to 8 per cent slip; and (5) high torque, 
8 to 13 per cent slip. Although catalogue 
literature does not always so state, 5 to 8 
per cent slip and 8 to 13 per cent slip 
motors have low starting current. 

Selection of the electrical character- 
istic best suited for driving pumping units 
is based on the starting requirement, the 


ij 


te 


performance of motors with the various 
characteristics when applied to the load — 
encountered on pumping units, and the — 
initial cost of motors. Data on the per- : 
formance of the high torque, 8 to 13 per ] 
cent motors are not available and con-— 
clusions regarding 8 to 13 per cent sli | 
motors are based on their initial cost an 
estimates of their performance compared 
to other types of motors. 


Starting Requirements 


Figure 1 is a typical electric motor 
driven pumping unit. The majority of 
such installations are started automati-_ 
cally and an essential requirement is that — 
motor starting torque be great enough to 
start the pumping unit without the as-_ 
sistance of an operator. Measurements — 
of the torque required to start pumping — 
units are not available, but experience has 
shown that motor starting torque must be 
greater than that required for ordinary 
continuous service applications. Nu-_ 
merous installations have been made where © 
pumping units could not be started with-_ 
out rocking the beam of the pumping 
unit. There have also been instances — 
where motors could not start pumping 
units even though the motors would have | 
been of sufficient size to operate the units — 
had starting been possible. 

Motors for oil well pumping should 
have both high starting torque and low | 
starting current to insure positive start- 
ing and minimum cost for distribution — 
lines. Starting torque developed by a_ 
motor installed on a pumping unit is de- 
termined by the locked rotor torque of the | 
motor at rated voltage and also by the t 
terminal voltage during the starting 
period. Line voltage drop during start-— 
ing is more critical than is sometimes 
realized because starting torque varies as_ 
the square of the voltage and because 
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motors may be as far as a mile from the 
source of low voltage power. As often 
as not, the minimum size of wire required 
for distribution lines is determined by 
voltage drop on starting rather than volt- 
age drop on running. 

Normal torque, normal slip, low start- 
ing current thotors, which have a locked 
rotor torque of 135 per cent to 160 per 
cent of full-load torque, will usually start 
pumping units providing the motors are 
sized 50 per cent larger than required to 
carry the running load without being 
thermally overloaded and provided the 


_ terminal voltage on starting is not less 


than 84 per cent of rated. The practice of 
using normal torque motors is not eco- 
notnical because it results in higher initial 
investment for motors and often requires 
increased investment in distribution lines. 

High torque, normal slip, low starting 
current motors, which have 200 to 250 
per cent starting torque and 525 to 700 
per cent starting current, will start pump- 
ing units in almost all cases provided 
voltage on starting is not less than 84 per 
cent of rated voltage. 

High torque, 5 to 8 per cent slip motors 
have 275 to 350 per cent starting torque 
and 500 to 625 per cent starting current. 
These motors have the best starting char- 
acteristics and frequently will permit the 
use of smaller wire for line than that re- 
quired for high torque normal slip motors. 

High torque, 8 to 13 per cent slip 
motors have starting characteristics simi- 
lar to 5 to 8 per cent slip motors, but 
their initial cost is 20 per cent higher than 
that of 5 to 8 per cent slip motors. The 
purchase of 8 to 13 per cent slip motors is 


therefore not justified from the stand-_ 


point of starting characteristics. 
Pumping Load 


Determining the relative merits of the 
various types of motors for oil well pump- 
ing service is difficult because of the type 
of load encountered. The pumping load 
is generally characterized by high peaks 
and wide and rapid load variation. How- 
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Figure 1. Electric 


motor - driven 
pumping unit 


TIME —- 


Change in motor load resulting from a change in per cent 


slip of motor 


(A) Power input to a 25-horsepower normal slip motor driving a pump- 
ing unit 29.2 strokes per minute 
(B) Power input to a 25-horsepower 5 to 8 per cent slip motor driv- 


ing same unit 21.6 strokes per minute 


ever, the exact load versus time relation- 
ship is influenced by many factors and is 
different for each installation. This 
makes it impossible to reach general con- 
clusions from a test of one installation. 

Figure 2 illustrates the variation of 
speed reducer torque with time for a 
counterbalanced pumping unit. Actual 
curves of reducer torque versus time are 
irregular in various ways, but the load 
variation and the relative position of load 
limits with respect to the average load are 
typical. Pumping speed ranges in prac- 
tice from 4 to 30 cycles, or strokes, per 
minute. During each stroke, there are 
two peaks and two valleys. The valleys 
are usually negative, that is, occur at a 
time when energy is being transferred 
from the crank to the speed reducer. The 
ratio of peak load to average load depends 
on pumping conditions and ranges from 
1.8 to 4.0. 


Motor Load 


The load on a motor that drives a given 
pumping unit depends upon the electrical 


a RISE OF SUCKER RODS 
‘a V/ RISE OF COUNTERBAL ANCE 


. PEAK — 


CRANKSHAFT TORQUE 


CRANK 
REVOLUTION 
Figure 2. Load imposed on speed reducer 
of properly counterbalanced pumping unit 
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characteristic of the motor as well as the 
load cycle on the speed reducer of the 
pumping unit. High slip motors vary 
more in speed with change in load than do 
normal slip motors. The greater speed 
change causes the inertia of the rotating 
parts of the system to store more energy 
during the minimum load periods and re- 
lease more energy during the peak load 
periods. The result is that input power 
peaks and over-all load variation are al- 
ways less with 5 to 8 per cent slip motors 
and 8 to 13 per cent slip motors than with 
normal slip motors. Averages of field 
measurements show that peak power in- 
put will be 25 per cent less with 5 to 8 
per cent slip motors than with normal slip 
motors. Figure 3 is an example of the re- 
duction in peak load and over-all load var- 
iation that resulted from changing the 
characteristic of the motor driving a given 
pumping unit from normal slip to 5 to 8 
per cent slip. Power input limits and the 
time relationship of the limits are actual. 
Curves connecting the power limits are 
approximate. 


Figure 3 and similar exhibits show that 
the use of high slip motors instead of 
normal slip motors will result in less 
fluctuation in line voltage and will result 
in lower peaks and less load variation on 
generating plants that are installed in the 
field to serve a group of oil well pumping 
units. Other measurements are required 
to reach conclusions regarding the rela- 
tive efficiency, power factor, and load 
carrying capacity of normal slip and high 
slip motors when used as prime movers 
for pumping units. 


Load Carrying Capacity 
and Power Factor 


Because of the high load peaks and wide 
load variation, motors that drive pump- 
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ing units cannot continuously average an 
output equal to name plate rating with- 
out being thermally overloaded. In 
other words, derating of motors is neces- 
sary to prevent thermal overload. Tests 
under actual pumping conditions are re- 
quired to find the per cent of rated load 
that motors can average when driving 
pumping units. Measurements made on 
such tests must give either by direct read- 
ing or by calculation (1) rms current and 
(2) average motor power input. Rms 
current may be measured directly with a 
thermal ammeter. Average power input 
may be obtained from a watthour meter 
with a demand attachment or by calcula- 
tion after first timing the disk on a watt- 
hour meter to get disk revolutions per 
minute. Having obtained rms current 
and average motor input, a measurement 
of terminal voltage will permit the cal- 
culation of power factor. 

Measurements taken during 17 tests of 
motors driving pumping units gave re- 
sults shown in Table I. Normal slip 
motor sizes ranged from 20 to 60 horse- 
power, and 5 to 8 per cent slip motor sizes 
ranged from 10 to 60 horsepower. 

Derating factor is defined as the ratio of 
average motor output on a pumping load 
to the output that the motor would de- 
velop on a steady load at the rms current 
measured on a pumping load. If rms cur- 
rent is near the rated motor current, the 
derating factor becomes the factor by 
which motor name plate rating should be 
multiplied to give the average output that 
a motor can develop on a pumping load 
without being thermally overloaded. 

For average oil well pumping applica- 
tions, the test data show that normal slip 
motors can develop 58 per cent of name 
plate rating and that the 5 to 8 per cent 
slip motors can develop 80 per cent of 
name plate rating. For the most severe 
conditions, normal slip motors can carry 
51 per cent of rating whereas 5 to 8 per 
cent slip motors can carry 68 per cent of 
rating. Derating factors of 0.56 for 
normal slip motors and 0.76 for 5 to 8 per 


Figure 4. Totally enclosed fan-cooled motor 
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Table | 


High Torque 
Normal Slip 


High Torque 
5-8% Slip 


Number of tests..... 6 est 
Average of rms cur- 

rents in per cent 

Of rated tl.0 «ate « 99 ..95 
Range of rms cur- 

rents in per cent 


Of Sates ciciecrsiereys 80 to 121 . .83 to 118 
Average of power 

FACTONSS < sina's bisceia.s 0.499 .. 0.698 
Range of power fac- 

CT he SoU eo 00 0.43 to 0.57.. 0.59 to 0.81 
Average of derating 

fACctOrs.ty ele 0.583 .. 0.796 
Range of derating 

FACLOLS arsenate 0.51 to 0.65.. 0.68 to 0.91 


cent slip motors are considered adequate 
for 85 to 90 per cent of all pumping unit 
installations and are recommended for 
general use. 

Derating factors as determined from 
tests on pumping motors show that 5 to 8 
per cent slip motors can average 35 per 
cent higher output per name plate rating 
than normal slip motors. Five to eight 
per cent slip motors cost 2 to 5 per cent 
more than high torque normal slip motors 
for sizes up to and including 20 horse- 
power and, with few exceptions, cost 15 
to 17 per cent more than high torque 
normal slip motors in sizes above 20 
horsepower. The net result is that 5 to 8 
per cent slip motors give the oil producer 
15 to 30 per cent more horsepower capac- 
ity per dollar invested than do high 
torque, normal slip motors. This fact 
alone justified the purchase of 5 to 8 per 
cent slip motors for oil well pumping. 

Tests on 8 to 13 per cent slip motors are 
not available, but justification for their 
purchase in preference to 5 to 8 per cent 
slip motors is doubtful. Eight to thirteen 
per cent slip motors cost 20 per cent more 
than 5 to 8 per cent slip motors and it is 
not likely that they will have as great a 
horsepower capacity per dollar initial cost 
as 5 to 8 per cent slip motors. 

Power factor for 5 to 8 per cent slip 


Figure 5. Splash-proof motor 


f 
i 
motors was found on tests on oil pumping 


operations to be 20 points higher on the 
average than the power factor for normal 
slip motors. Therefore, the use of 5 to 8 
per cent slip motors instead of high torque 
normal slip motors will either (1) reduce 
investment for capacitors if power factor 


correction is required, (2) permit smaller 


size of wire for line, or (8) result iri less — 4 


distribution system loss for the same wire 
size if power factor is not corrected. 


Motor Efficiency 


The efficiency of high torque normal 
slip motors on steady loads is 3 to 5 points 
higher than the efficiency of 5 to 8 per 
cent slip motors. Which of the two types 
of motors is the more efficient on the 
fluctuating load encountered in oil well 
pumping is still not known with certainty 
and is difficult to establish, To answer 
the question, tests must be made on many 
wells to determine the kilowatt hours 
used per barrel of liquid lifted by the two 
types of motors when pumping a given 
well at the same stroke and strokes per 
minute. Obtaining such tests is difficult 
because of the expense and down time re- 
quired for changing motors, the difficulty 
of obtaining the motor sizes required to 
make the test with the two types of 
motors operating at near the same ther- 
mal load, frequent lack of facilities to ob- 
tain accurate production tests, and fre- 
quent inability to obtain motor sheaves to 
operate at the same strokes per minute 
with the two types of motors. 

Results of tests on three different wells 
where kilowatt hours used per barrel of 
liquid lifted were determined with both 
normal slip and 5 to 8 per cent slip motors 
are shown in Table II. These tests were 
made in an oil field where the produc- 
tivity of individual wells was practically 
constant. The time between tests with 
the two types of motors on a given well 
ranged from three to five days. 

Lift efficiencies of normal and 5 to 8 
per cent slip motors were practically the 


Figure 6. Protected frame motor 
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Figure 7. Protected frame motor 
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same on the tabulated tests. Thermal 
oad for the two types of motors was 
nearly the same during only one of the 
tests and there was some difference in 
strokes per minute in all cases. Until 
sufficient tests are made to show a trend 
‘one way or another, the efficiencies of 
normal slip and 5 to 8 per cent slip motors 
will be considered equal for oil well pump- 
ing applications. 


} 


Motor Protection 


Ordinary thermal overload relays will 
not protect 5 to 8 per cent slip motors 
from stalled single phase. This is not 
necessarily a disadvantage because stalled 
single phase is prevented by either one or 
the other of two devices that are usually 
incorporated in oil well motor controls. 
One of these devices is the under voltage 
relay. 

The other is the time delay relay, a 
device that is used to automatically start 
motors one at a time after restoration of 
power following an interruption. Where 
a time delay relay is used, the coil of the 
magnetic switch is connected across one 
phase and the time delay relay is con- 
nected across another phase. Then, one 
or both of the elements will not pick up 
after an outage until 3-phase power is re- 
stored. 


Single Phase Motors 


There are instances where only single- 
phase power is available. Types of single- 
phase motors that can be used for oil well 
pumping service include capacitor start, 


Figure 8. Drip-proof motor 


capacitor, sometimes called capacitor 
start, capacitor run. 

The 2-value capacitor motors are pre- 
ferred for oil well pumping service. These 
motors have electrical characteristics 
similar to three phase high torque, normal 
slip motors; are as simple in construction 
as three phase induction motors; operate 
with 8 to 20 points high power factor 
than other types of single-phase motors; 
and sell for the same price as other types 
of single-phase motors. 


Frames 


Pumping motors are installed in the 
open to simplify the entire installation 
and reduce installation cost. Types of 
frames that are available for outdoor serv- 
ice include totally enclosed fan-cooled; 
splash-proof; protected frame; and drip- 
proof. 

Figures 4 to 9 illustrate, respectively, a 
totally enclosed fan-cooled motor, a 
splash-proof motor, two makes of pro- 
tected frame motors, and two makes of 
drip-proof motors. The various frames 
obviously give different degrees of pro- 
tection against entrance of water, but ex- 
perience has shown that all of the frames 
illustrated are satisfactory for outdoor 
service with the possible exception of the 
rare instances’ where motors may be 
buried in snow. Some operators believe 
that housing is justified where motors 
may be covered with snow. 

Water will enter drip-proof motors 
during driving rain storms. 


Figure 9. Drip-proof motor 


made for drainage of water out of the 
motor. 

In some areas, for example the Borger 
Field in the Texas Panhandle, rodents 
will build nests in the air passageways of 
motors installed on pumping units. Air 
inlet and outlet openings of any type 
motor must be covered with quarter inch 
mesh screen where this condition exists. 

Users will get the most horsepower 
capacity per dollar invested by purchasing 
protected frame or drip-proof motors. 
Specifically, drip-proof and _ protected 
frame motors have 20 per cent more 
horsepower capacity per dollar initial cost 
than splash-proof motors and 61 per cent 
more capacity per dollar initial cost than 
totally enclosed fan-cooled motors. Der- 
ivation of the percentage figures is shown 
in Table III. 

Horsepower capacity per-unit cost for 
drip-proof and protected frame motors 
compared to splash-proof=1.00/0.83= 
1.20. Horsepower capacity per unit cost 
for drip-proof and protected frame motors 
compared to totally enclosed fan-cooled = 
1.00/0.62 = 1.61. 


Voltage Rating 


A rating of 440 volts has been the most 
widely used for oil well pumping motors. 
This voltage rating has been adequate for 
loads up to 25 horsepower and for in- 
stallations where the distance between 
wells did not exceed 660 feet, the distance 
between wells on 10-acre spacing. For 
loads greater than 25 horsepower and 
where the distance between wells is 


induction run; repulsion-induction; re- This has not been found to cause wind- Table Ill 
pulsion start, induction run; and 2-value ing deterioration provided provision is = = 
Protected Totally 
Frame Enclosed 
Table Il and Drip- Splash- Fan- 
proof proof cooled 
Rms Current in Rated temperature 
Stroke, Strokes per Minute Per Cent of Rated Kwhr/Barrel rise, centigrade..... 40S tree Berar 55 
Inch Normal 5=-8% Normal 5=-8% Normal 5-8% Relative horse- 
power capacity..... L200; teeny OF S95 ea... 0.853 
Relative initial cost...1.00..... EH \OSieaerato 1.38 
Well A....... MOB yc lacsieme o's MSO serge LY ey frtia ain OER] NTO: aiieretais states 84.63 et Oxb28ern eerie 0.525 Relative horse- 
BVM Bis... sis) BEAN fig (cle \at <a 3 PAWE a creer ZO Seisciaselee 68762 aoe GES wets OFA9O See viele 0.503 power capacity 
BRIE 26 s< a 21 NEST eta Mahe ore arerche DEO Bybee 982) th teeant or Sli 3 Neeste OvG3ain sm ecte 0.636 per unit cost....... 100224... OS83 nee 0.62 
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greater than 660 feet, a voltage rating be- 
tween 440 and 2,400 volts would be de- 
sirable provided the cost of motors and 
controls for the intermediate voltage 
would not more than offset savings in the 
cost of distribution lines. 

To obtain an operating voltage between 
the 440 and 2,400 without paying pre- 
mium prices for motors and controls, the 
Humble Oil and Refining Company has 
made a number of installations where 440- 


volt motors were wye connected to oper- 
ate at 760 volts. Performance of the 760- 
volt system has been reported to be satis- 
factory when the motor neutrals have 
been grounded, thereby limiting the 
maximum voltage to ground on any por- 
tion of the motor to 440 volts. 
Consideration of the 760-volt system is 
recommended for installations where 
motors will be larger than 25 horsepower, 
and where the distance between wells will 


exceed 660 feet. This secomerende ior 
made because the trend is toward wi 
spacing of wells and, as a result, the 
where a voltage rating between 440 a1 
2,400 would be desirable are becomit 
more common. 
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N A period of rising labor costs and a 
@ shortage of qualified operating person- 
nel willing to accept full time employment 
at remote station locations, there is con- 
_ tinued interest in the subject of automatic 
_ operation of hydroelectric power plants. 

It is the purpose of this paper to review 
'the various types of automatic hydro 
stations and some of the factors to be 
considered, from an electrical standpoint, 
when developing an automatic hydro- 

electric station. 

Automatic hydro plants may best be 
classified as to the degree of automatic 
operation provided, namely, semiauto- 
matic, fully automatic and fully auto- 
matic with provision for control of the 
station from a remote location. Each 
new development presents special prob- 
lems that warrant individual attention to 
arrive at the best solution for the par- 
ticular station. However, based on many 
years experience with various types and 
sizes of automatic hydroelectric stations, 
certain general conclusions can be made. 


Conclusions 


1. Over 25 years of operating experience 
with automatic hydro stations has proved 
that the automatic features of these stations 
are very reliable and perform many opera- 
tions better than can be done under manual 
operation. 


2. The application of automatic features to 
many different sizes and types of hydro de- 
velopments has shown an appreciable saving 
in generating cost per kilowatt hour. 


8. The component equipment of a hydro- 
electric plant is readily adaptable to auto- 
matic operation with a resulting improve- 
ment in accuracy and speed of operation as 
compared to manual stations. 


4. The degree of automatic operation pro- 
vided at a hydroelectric station will depend 
on many factors, such as: the size and im- 
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portance of the station with respect to the 
power system; the expected load factor of 
the station; the relative location of the sta- 
tion with respect to other generating sta- 
tions and to population centers; special 
hydraulic problems including any required 
supervision of dams and other hydraulic 
works and ice and debris control problems. 


5. In installing automatic control equip- 
ment at hydro stations, installation time 
and expense can be reduced by the use of 
factory assembled, packaged equipments 
wherever possible. 


General 


Of the various types of plants used to 
generate electric power, the hydroelectric 
station lends itself most readily to auto- 
matic operation. Basically, stored energy 
in the form of water in the forebay can be 
released and converted to electric power 
by merely opening the turbine gates 
under the control of the governor, thus 
developing horsepower on the prime 
mover shaft. The generator will produce 
real power under control of the governor 
and reactive power under supervision of 
the voltage regulator. The inherent de- 
sign of the components involved makes 
the problem of obtaining automatic, unat- 
tended operation a relatively simple and 
inexpensive application. 

The foremost factor in any automatic 
application is to keep the scheme em- 
ployed both simple and economical. 
However, it must be realized that to ob- 
tain an automatic plant that is function- 
ally equivalent to a manual station, all 
operations previously performed by per- 
sonnel must now be accomplished by 
mechanical and electrical devices sub- 
stituted to obtain equivalent operating 
performance. The automatic scheme 
thus developed will result in a plant that 
is as dependable and reliable as the 
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manual station it replaces and in addition 
will give faster and more precise opera- 
tion. 

The cost of making the electric equip- 
ment in the plant automatic to any given 
degree will not vary appreciably with the 
actual capacity of the plant; however, as 
the capacity of the station under con- 
sideration increases, other factors such as 
complications in the mechanical equip- 
ment and the desirability of having per- 
sonnel present at the station for other 
duties tend to decrease the savings that 
can be realized by going to automatic con- 
trol. One eastern utility is now in the 
process of installing a single-unit fully 
automatic plant, with remote control, 
having a capacity of 37,500 kva. At the 
other end of the range, plants of only a 
few hundred kilowatts have been made 
semiautomatic in order to justify econom- 
ically their operation. 

The amount of attendance required at 
any station will depend to a very large 
extent on the degree to which the station 
is made automatic. In general, operators 
from nearby plants will visit the auto- 
matic stations periodically to perform 
any required manual operating pro- 
cedures as well as general maintenance 
duties. Specialized preventative main- 
tenance functions such as relay testing 
et cetera can be carried out by traveling 
crews from a central headquarters organi- 
zation performing similar tasks at auto- 
matic substations. 


Semiautomatic Plants 


The simplest and least expensive type 
of automatic control used in hydro sta- 
tions is that found in semiautomatic sta- 
tions. Stations of this type must be 
started and put on the line manually by 
an operator but then may be left unat- 
tended. 
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Figure 1. One-line 
diagram, Woods 
Falls Station, Public 
Electric Light Com- 
pany, St. Albans, 
Mt; 6,250-kva 
fully - automatic 
hydro plant 
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This type of control is generally ap- 
plied to stations which are small with re- 
spect to the system to which they are con- 
nected and thus do not require that their 
output be coordinated with the system 
daily load curve. Such stations are often 
operated for only an 8-hour period each 
day and thus once they are shut down 
may not be available to meet emergency 
conditions on the system unless an opera- 
tor is available to go to the site to restart 
the machine. 

Machines in stations of this type may 
be operated on free governor, load limit, 
or on load limit as controlled by a float- 
operated device installed to maintain 
constant forebay water level elevation. 

The control must provide means for 
shutting down the unit automatically on 
a signal from a time switch or float switch. 
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breaker is open, the gates full closed, and 
the speed of the unit drops below 50 
cent rated value as determined by a f¢ 
tial speed switch. The automatic g 
erator brake timer will apply the b 
intermittently at first, then continu- 
ously, and finally will release the bre 
entirely. oe 

If the power supply to the stations 
ice bus is not thoroughly reliable ai 
the generator is shut down, the governor 
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Sufficient protective devices must also be 
provided to automatically shut down the 
station and prevent damage to the equip- 
ment under certain abnormal operating 
conditions. Other abnormal conditions 
may only result in sounding an alarm. 


In the normal automatic shutdown se- 
quence the governor gate limit motor will 
be energized to close the gates and drop 
load on the generator. As the gates pass 
through the no load gate position the main 
generator circuit breaker and the field cir- 
cuit breaker will be tripped by the closing 
of the contacts of a position switch on the 
governor. The gate limit motor will be 
de-energized by limit switches when the 
gates reach the full closed position. When 
automatic braking is used, the generator 
brake air valve solenoid should not be 
energized until the generator circuit 


oil pump motors may become inopera- 
tive. Normal leakage through servo- 
motors, and the governor relay and pil 
valves will gradually dissipate govern 
oil in the pressure tank. This conditio 
may allow the turbine gates to drift open. 
To guard against this undesirable pos 
sibility, a gate lock should be provide 
A solenoid operated inlet valve can be ob 
tained on the governor which when d 
energized will close the turbine gate 
move the gate latch to the locked posi- 
tion, and turn off oil to the governor relay 
valve. 1 ‘ 
When emergency conditions develop at 
the plant, the main generator circuit 
breaker and the field circuit breaker wi 
be tripped at the same time that the 
governor shutdown solenoid is de-ener- 
gized. As a result, load will be dumped 
and the unit will tend to overspeed. Ifa 
pilot exciter is supplied with the gener- 
ator, a block of resistance is inserted in the 
pilot exciter field circuit to limit overvolt- 
age on this device. The governor slut 
down solenoid will act directly on the 
governor pilot valve to close the turbine 
gates thus by-passing control by the fly- 
balls. 4 
If trouble of a serious nature develops — 
at the station, operation of the protective. 
devices will cause the machine to be shut — 
down and locked out. _. While it is recog- 
nized that each installation will present 
special problems, the following abnormal — 
conditions should be considered as pos-— 
sibly being serious enough to shut’ down 
and lock out the unit. 
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Figure 2. Schematic diagram of Woods Falls Station switchgear 


1. Failure of power supply to the governor 
ballhead. 


2. Overheating of generator thrust or guide 
bearings. 


3. Overheating of turbine guide bearing. 


4. Speed in excess of calculated full load 
rejection overspeed. 


5. Operation of the generator differential 
relays. 


6. Operation of the transformer differential 
relays. 


7. Generator bus overvoltage. 
8. Generator ground current. 
9. Loss of generator excitation. 

The following conditions may operate 
protective devices to shut down the unit 
and prevent restarting until conditions 
return to normal: 

1. Low governor oil pressure. 
2. Loss of d-c control bus voltage. 


3. Generator reverse power. 


Figure 3. 


Generator overcurrent. 


4 
5. Generator phase current unbalance. 
6. Generator out-of-step. 

Os 


Overheating of generator stator wind- 


8. Excessive 
cooling air. 


temperature of generator 


9. Failure of both d-c and a-c turbine 
bearing lubricating oil pumps. 

10. Excessive temperature of generator 
thrust bearing oil bath. 


Additional devices are generally ap- 
plied to sound an alarm only when other 
abnormal conditions exist. A typical list 
of these conditions includes: 


1. Ground on generator field. 
2. Battery undervoltage. 


3. Low cooling water flow to generator 
thrust bearing oil bath. 


4. Excessive temperature of transformer 
top oil. 


5. Low transformer oil level. 


Consideration must also be given to 
hydraulic conditions at the forebay. The 
headgates should be designed to close 
after suitable time delay in the event the 
unit overspeeds above 105 per cent of the 
full load rejection overspeed. High fore- 
bay water level should sound an alarm and 
if the condition persists, open the spillway 
gates automatically by means of a float 
switch control. Excessive differential of 
water level on upstream and downstream 
sides of the trash racks should be noted by 
means of an alarm. 


Fully-Automatic Stations 


The control for this type of station of- 
fers the advantage of being able to start 
the plant by means of a signal from a time, 
float, or frequency device without the 
presence of an operator at the site. 

Automatic starting and synchronizing 
features must be added to the control 
scheme previously outlined for semiauto- 
matic stations. A typical control se- 
quence is outlined in the following para- 
graphs. 

After the starting indication has been 
given, the master control relay will not be 
energized unless the following operating 


conditions exist: 
1. Adequate governor oil pressure. 
2. Adequate d-c control bus voltage. 


3. Lock-out relays are in their normal reset 
position. 

4. Automatic auxiliary shutdown relays 
are in their normal reset position. 

When the master control relay is en- 
ergized it picks up an auxiliary relay 
which in turn starts the turbine bearing 
oil pumps and operates a motor-operated 


Front and rear views of Woods Falls Station switchgear 
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Figure 4. 


valve, which starts the flow of cooling 
water to the generator thrust bearing. 
This auxiliary relay remains picked up 
whenever the unit is operating and is 
sealed in through a time delay opening 
contact of a timer to insure that the 
turbine bearing oil pumps will maintain 
operation until the unit comes to a com- 
plete stop during the shutdown sequence. 

The automatic governor start-stop 
solenoid is then energized and an auto- 
matic governor sequence releases the gate 
lock and applies oil pressure to the main 
relay valve. The turbine gates open, at a 
rate controlled by an accelerating timer 
provided on the governor mechanism, to 
the breakaway position and the turbine 
starts to rotate. When the exciter volt- 
age builds up, a voltage relay closes the 
generator field circuit breaker. As the 
machine approaches synchronous speed, 
it will be under the control of the governor 
flyballs and the voltage regulator. 

When voltage appears on the generator 
potential transformers, the automatic 
synchronizing equipment is energized. 
Speed matching relays adjust the fre- 
quency on the machine to that of the bus 
by giving raise and lower impulses to the 
governor speed adjusting motor. Im- 
pulses are given once each slip cycle and 
the lengths vary with the slip frequency. 
The automatic synchronizing relay will 
give the closing impulse to the generator 
circuit breaker at the proper phase angle 
to insure that the circuit breaker main 
contacts close at approximately zero 
phase displacement between the machine 
and the bus. The lead angle at which the 
closing impulse is given will vary with slip 
frequency. 

If the generator fails to reach synchro- 
nous speed and the generator circuit 
breaker is not closed in a definite time in- 
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terval after the starting indication is 
given, the unit will be shut down and 
locked out by an incomplete sequence 
timing device. After the generator circuit 
breaker closes in the normal starting 
sequence, the synchronizing and speed 
matching equipments are de-energized. 
In the event the generator circuit breaker 
is tripped, the machine cannot be recon- 
nected to the line without going through 
the synchronizing sequence. 

After the machine is on the line, the 
governor speed adjusting motor will be 
run to the full raise position and de-ener- 
gized by limit switches. The machine 
will pick up load in accordance with a 
previously set gate limit position or an 
adjustable gate limit as actuated by a 
forebay water level float device. 

The shutdown sequence will be iden- 
tical functionally to that described under 
semiautomatic stations. 


Fully-Automatic Stations 
with Remote Control 


A fully-automatic station controlled 
from a remote point offers most of the 
operating advantages of an attended 


Figure 5. Front 
view of Smith Sta- 
tion field cubicle 
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Front and rear views of switchgear, Smith Station, Public Service Company of New Hampshire, Berlin, N. H.; 18,750-kva fully- 


manual station. The available water 
can be used in the most efficient manner 
by adjusting the output of the station to 
system load requirements. Added eco- 
nomic advantages can be obtained if sev- 
eralhydro stations and substations can be 
controlled from a single control station. 
The following general list of functions 
to be performed from the control station 
may be considered for any particular in- 
stallation of a large automatic station: 


1. Telephone communication. 


2. Start and stop generator and receive 
indication of position of master control relay 
(energized or de-energized). 


8. Raise and lower load and meter kilo- 
watts. 


4. Raise and lower excitation and indicate 
kilovars. 


5. Indicate position of generator circuit 
breaker. 


6. Indicate position of lock-out relay. 
7. Meter forebay water level. 


8. Raise and lower spillway gates and 
meter position. 


9. Close headgates and indicate closed 
position. 


10. Indicate excessive differential water 
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level on upstream and downstream sides of 
the trash racks. 


11. Meter tailrace water level. 


12. Raise and lower governor gate limit 
setting and meter position. 


13. Receive general alarm. 


To carry out these functions, a com- 
munication channel must be set up be- 
tween the control station and the outlying 
power plant. This channel may be direct 
wire, carrier, or microwave. 

The number of channels required can 
be reduced by means of supervisory con- 
trol equipment which provides a means of 
selective control and automatic indica- 
tion of the particular function to be per- 
formed. All functions which do not re- 
quire a continuous meter reading or con- 
trol operation can be handled over one or 
two common channels by this method. 
Coded impulse supervisory equipments 
prevent false operation that might be 
caused by control cable faults or induc- 
tive interference in direct wire systems. 

For distances under 10 miles direct 
wire connections between the control sta- 
tion and the power station are most com- 
monly used. These circuits may be 
shielded cable or leased telephone lines 
when available. Direct current type of 
telemetering is the least expensive type of 
remote metering but can be applied only 
on direct wire circuits. Whenever neces- 
sary, shielded control cables are pro- 
tected by lightning arresters. If there 
is a possibility of an appreciable dif- 
ference in ground potential between the 
control and outlying stations under fault 
conditions, a neutralizing transformer 
should be connected in series with the 
control circuits. 

For distances in excess of 10 miles or in 
cases where the terrain makes the use of 
direct wire control difficult, either carrier 


or microwave should be considered. 
Since transmission lines are constructed 
to withstand severe weather conditions, 
the carrier channel should be extremely 
reliable. 

Any required carrier-current relaying 
functions can also be accomplished over 
the same common carrier channel. 


Physical Arrangement ‘of 
Electrical Equipment 


After the one line diagram and the con- 
trol circuits for an automatic station have 
been worked out, consideration must be 
given to the arrangement and electrical 
interconnections of the equipment. 

For stations about 40,000 kva and 
smaller, a very compact metal clad switch- 
gear design is available. In this design 
the control, generator switching equip- 
ment, voltage regulator components, ex- 
citer rheostats, and protective relaying 
devices are all mounted and wired in one 
metalclad switchgear line-up. The field 
contactor or circuit breaker, generator 
field ammeter shunt, and discharge re- 
sistor and the loss of excitation relay may 
be located in a separate cubicle mounted 
on the machine stator cover plates ad- 
jacent to the exciter. The length of gen- 
erator field leads is reduced to a bare 
minimum by this arrangement. 

The front or control side of this switch- 
gear consists of swinging panels on which 
are mounted the control switches, in- 
dicating lights, and meters for the various 
equipment. Mounted on the rear swing- 
ing panels are the protective relays and 
other control components. 

Inside the metal enclosed switchgear 
are the generator circuit breaker, instru- 
ment transformers, generator surge pro- 
tective equipment, voltage regulator, and 
battery charger. For plants having a 


station service requirement of 100 kva 
maximum, the auxiliary transformer and 
distribution panelboard can be mounted 
inside the switchgear. This is a definite 
advantage for stations obtaining auxiliary 
power from the generator leads. 

Metal enclosed, insulated, nonsegre- 
gated phase bus may be used for main 
power connections between the generator 
and power transformer for this class of 
station. The bus duct is easily installed 
and fully coordinated in design with the 
switchgear power circuits. 

Figure 1 shows the one line diagram of 
a fully-automatic, remote-controlled hy- 
dro station which went into operation in 
New England during 1948. Present prac- 
tices would tend to modify this one line to 
include overlapping transformer and 
generator differential protection and volt- 
age restrained overcurrent relays for gen- 
erator back-up protection. Dimensions 
given on Figure 2 apply specifically to 
this plant and in general will vary with 
voltage and breaker ratings as well as size 
and type of voltage regulator and excita- 
tion system components required. 

Figures 3 and 4 show existing modern 
automatic hydro stations employing the 
switchgear arrangement discussed in the 
preceding paragraphs. 
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Discussion 


Basil Payne (Nepsco Services, Incorpo- 
rated, Augusta, Maine): The matter of 
reducing production expense is today of 
vital importance to each operating com- 
pany. The application of automatic con- 
trol to hydro stations is one means to this 
end, and the authors are to be complimented 
on their excellent paper on modern practice 
in this field. The following comments are 
based on the experience of one operating 
group. 

Of the factors listed as determining the 
degree to which automatic operation may 
be justified, the three items of size of unit, 
its importance to the system, and its loca- 
tion with respect to the system are of first 
order importance. The larger the unit and 
the greater its importance to the system the 
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greater will be the justification for direct 
supervision, whether by manual attendant 
or by remote control. In milder climates, 
remote or automatic (that is, unattended) 
control of head and spillway gates may be 
practicable and satisfactory. In more se- 
vere climates, however, this is not so due to 
the imperative requirement that the gates 
be thawed out before being operated. This 
is particularly true at stations where no 
open spillway exists, where river control is 
obtained entirely by means of gates. Sta- 
tions in this class customarily are attended. 

From the operating point of view the 
terms semiautomatic and fully-automatic 
control might be reworded, respectively: 
automatic-stop and automatic start-stop. 
The remote control feature may as readily 
be applied to stations of the semiautomatic 
type as to those full-automatic, and perhaps 
with greater benefit. In any case the auto- 
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matic-stop features are identical for all 
three types of control under consideration, 
and have the single objective of providing 
full protection for the unit and its auxili- 
aries against dangerous or harmful operating 
conditions. In the manual station these 
features permit the operator, once having 
started the unit, to attend to other duties 
about the station without giving constant 
attention to the unit itself. 

In setting up a remote control system 
there is a definite advantage in arranging, 
whenever possible, for at least two separate 
channels, one for control and one for indi- 
cation. This enables the operator to ob- 
serve and follow the extent or effect of the 
control while it is being operated. With 
but one channel the controls and indications 
operate alternately with consequent loss of 
speed and accuracy. 

Probably to a greater extent than in any 
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other type of generating plant the location 
and arrangement of the component items 
of equipment in hydrostations are deter- 
mined by conditions existing at the site. 
For example, in a deep narrow valley it may 
be necessary to use a vertical assembly with 
transformer, switchgear, and generator, one 
above the other. On the other hand, an 
arrangement with all items at one level may 
better lend itself to a power house designed 
for a wide and open valley. Since the basic 
conditions determining the most favorable 
equipment layout are often in a large meas- 
ure beyond the control of the designer of the 
station, the need for flexibility between the 
major equipment items is obvious. Each 
item may in itself be perfectly standard, 
but the means of interconnection between 
the several items must be sufficiently flexi- 
ble to permit the power house designer to 
arrange these items to suit the particular 
conditions existing at the site. 

The scheme of placing the field circuit 
breaker and its accessories in a cabinet 
located adjacent to the exciter is a very 
excellent one and there is much to commend 
it, notably the resulting short length of 
cable in the field circuit. 

In the smaller stations where space is 
often limited the combined control panel 
and switchgear assembly works out very 
nicely. For higher capacity units requiring 
larger circuit breakers and heavy bus runs 
there may be advantages in having the 
switchgear independent of the control and 
relay switchboard. When separated, each 
may be located to best advantage. The 
walk-in duplex switchboard with fixed 
panels avoids certain objections to the 
hinged panels of the metal clad type and is 
especially advantageous where, as some- 
times is the case, the control switchboard is 
made to line up with the governor cabinet. 
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In smaller stations where local conditions 
prevent placing the generator, switchgear, 
and transformer immediately adjacent to 
each other the main generator leads may 
consist of single or multiple cables. As the 
size of unit increases the use of factory built 
bus duct becomes increasingly attractive 
and the choice between the two types of 
construction will depend upon the condi- 
tions obtaining at a particular site. 


H. L. Hoeppner (Pioneer Service and Engi- 
neering Company, Chicago, Ill.): The 
paper presented by Messrs. Gamble and 
Mellor presents a compact cross section of 
present day practice with respect to auto- 
matic, unattended hydrostations in the 
capacities usually encountered in the aver- 
ages utility system. 

Most of the automatic features can also 
be used advantageously in the larger hydro 
stations, which are attended because of 
their importance as a power source and the 
magnitude of their capital investment. 

With respect to the smaller hydro stations, 
the induction generator presents an oppor- 
tunity for simplification of the control sys- 
tem and elimination of the excitation system. 

The power factor characteristics of the 
induction generator are probably responsi- 
ble for its relative infrequent use. However, 
its power factor characteristics can be offset 
by the use of shunt capacitors which, in 
some cases, will be less costly than the more 
elaborate control and excitation system of 
the synchronous machine. While not an 
electrical feature, the use of outdoor equip- 
ment will result in a lower capital invest- 
ment. 


C. L. Gamble and A. G. Mellor: Mr. 
Payne’s discussion outlines some of the 
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practical problems to be faced by the ope 
ing company when designing an automa 
plant. 

It is recognized that the location of the 
site will definitely influence the design 
the powerhouse and the subsequent locati 
of component electrical equipments. H 
ever, the compact arrangement of control, 
relaying, and switching equipment, men-. 
tioned and illustrated in the subject paper 
can often be employed with a resulti 
saving in powerhouse floor space, as W 
as installation time and expense. In the 
unattended plant the actual location of the 
control and metering panels need not be 
dictated primarily by operating considera- 
tions present in an attended station. 

Mr. Hoeppner’s discussion brings out the 
possibility of using induction rather than 
synchronous generators in the smaller hydro 
stations. Since the induction machine is 
excited by the system to which it is con-— 
nected, no excitation system is required. 
In some cases the hydraulic turbine used 
with an induction generator is not con- 
trolled by a speed governor. The above 
tends to simplify the control of the induc- 
tion generator with respect to that applied — 
to the synchronous machine. Since the 
induction machine draws reactive power 
from the system for excitation, a source of 
reactive power must be available at all 
times. Generally one kilovar of reactive 
power must be supplied by the system for — 
each kilowatt of real power supplied by the 
machine, although the power factor of the — 
induction machine will vary with load and — 
will be affected by design consideration in- 
cluding overspeed requirements. The in- 
duction generator will not support voltage 
on the station bus during system disturb- — 
ances since it is entirely dependent on the 
system for excitation. 
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The Effects of Coupling-Capacitor 


Potential-Device Transients on 


Protective-Relay Operation 


AIEE COMMITTEE REPORT 


HIS subject has been brought up 

periodically over the years in various 
AIEE committee meetings. However, no 
formal approach to the problem was made 
until the Carrier-Current Committee, at a 
meeting in Cleveland in 1948, referred the 
matter to the Joint Subcommittee on 
Instrument Transformers. The Joint 
Subcommittee appointed a Working 
Group on Transient Characteristics of 
Capacitance Potential Devices, which 
first met October 27, 1948 to explore its 
assignment and to organize procedure. 
This is the report of that Working Group. 


Objectives 


The Working Group noted: (1) that 
there was need for data not then avail- 
able, (2) that there was suspicion that im- 
proper relay operation had resulted from 
potential-device transients, and (3) that 
there were no performance standards on 
transient characteristics. Attention was 
focused principally on class-A coupling- 
capacitor potential devices, since these 
are used most frequently with high-speed 
relaying. Unless otherwise stated, this 
class and type should be assumed when- 
ever the term “‘potential device’’ appears 
hereafter. 

The Working Group established the 
following primary and ultimate objec- 
tives: 


Primary Objectives 
1. To obtain data, in the form of os- 
cillograms, showing the transient charac- 


teristics of potential devices available to 
the trade, under uniform methods of test 
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and with uniform typical burdens and ad- 
justment settings. 

2. To formulate a method for defining 
and expressing the characteristics in sig- 
nificant terms with respect to their effect 
on relay performance. 


Ultimate Objectives 


1. To establish standards of potential- 
device transient performance, consistent 
with the inherent nature of the equipment 
and the advancement of the art. 

2. To make available data which 
could be used for guidance in the applica- 
tion of different types of relays and the 
predetermination of their performance. 

To achieve these objectives, two proj- 
ects were undertaken, as follows: 

1. To obtain operating experience and 
information regarding practice from users 
of potential devices. 

2. To make tests with various burdens 
and device adjustments. (The actual test 
procedure is described later in detail.) 


Replies to Questionnaire on 
Operating Experience and 
Practice 


Questionnaires were sent to eight oper- 
ating companies, and seven replies were 
received. Of those replying, only four 
companies had sufficient experience with 
potential devices for their replies to be 
useful. Of these four companies, two re- 
ported no incorrect relay operations 
chargeable to potential-device transients, 
one reported suspicion of some trouble, 
and another reported some trouble defi- 
nitely ascribable to potential-device 
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transients. (Much of the trouble, how- 
ever, having been experienced soon after 
installation and before corrective meas- 
ures were undertaken.) 

The troubles reported as having been 
caused (or suspected to have been caused) 
by potential-device transients are as fol- 
lows: 

1. Improper tripping when a fault was in 
the nontripping direction (undesired direc- 
tional-relay operation). 

2. Delayed tripping when a fault was-in 
the tripping direction (delayed directional- 
relay operation). 

3. Improper tripping owing to protective- 
gap spark-over during disconnect-switch 
operation with no fault on the system. 


Involved in these reported troubles 
were both phase and ground relays. 
These relays were mostly of the ‘high- 
speed type, although misoperation of 
time-delay relays also was reported. 


Discussion of Replies to the 
Questionnaire 


Of the three types of reported trouble, 
the first one, having to do with improper 
tripping owing to undesired directional- 
relay operation, has caused the most 
concern. Delayed tripping seems to be 
more of a conjecture rather than an actual 
hard hip. Improper tripping owing to 
protective-gap spark-over during discon- 
nect-switch operation is subject to cor- 
rection by proper adjustment of the device 
and of the length of the protective gap 
(so long as the length is short enough to 
protect the equipment); in early models 
of one manufacture the auxiliary capac- 
itor unit had some inductance which 
necessitated replacing the unit to prevent 
spark-over. In view of the foregoing, this 
report will concern itself only with the 
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Oscillograms of tests on Make 


Figure 1. 


A potential device at 150 volt-amperes 


burden 


(A). Burden power factor 0.25 uncorrected; 

(B). Burden power factor 0.25 corrected to 

unity power factor; (C) Burden power factor 
1.00 (no correction required) 


question of improper tripping for faults in 
the nontripping direction, or in other 
words with undesired directional-relay 
operation. 

In so far as operating experience is con- 
cerned, the replies to the questionnaire do 
not throw any new light on the subject. 
Although the questionnaire was not ex- 
tensively distributed, it is believed that 
the replies are representative of general 
experience. One should not expect to 
learn much from a questionnaire on this 
subject. As will be seen later, under rare 
circumstances, the operation of directional 
relays can be adversely affected by poten- 
tial-device transients. In those rare cir- 
cumstances, it is ‘‘touch and go’”’ whether 
the directional relay operates undesirably 
ornot. Therefore, it is practically impos- 
sible for one to say whether a particular 
relay misoperation was caused by a poten- 
tial-device transient, or as a consequence 
of misadjustment of the potential de- 
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vices, or because of a system transient. 
In this respect, it is regrettable that the 
questionnaire did not ask for data as to 
the types of faults, whether during staged 
tests or not, and the location of the faults 
with respect to the location of the relays 
that misoperated. In the case of those 
who report no trouble, it is likely that the 
conditions haye never been exactly right 
to cause trouble. 


There is no doubt that relays have 
operated undesirably because of poten- 
tial-device transients, and it is not the in- 
tent of this report to discount the replies 
of those who co-operated in answering the 
questionnaire. However, it is believed 
that many if not most of the misopera- 
tions occurred in early installations where 
the potential devices had certain unde- 
sirable characteristics-that have since been 
corrected. Also, the adjustment and 
loading of the devices may not have been 
such as to minimize the likelihood of mis- 
operation. At least the answers to the 
questionnaire are not very specific on 
these points. However, there still remains 
the possibility that directional relays 
might have misoperated, though rarely, 
even with modern potential devices hav- 
ing the optimum loading and adjust- 
ment. 


It is significant that both operating 
companies who reported trouble have 
adopted the practice of resistance loading 
to minimize transients and their conse- 
quent effect on directional-relay opera- 
tion. It is presumed that this practice 
has proved to be desirable, and if so, it 
confirms the conclusion reached after the 
Working Group studied the results of po- 
tential-device tests and their significance 
with regard to directional-relay operation. 
This will be described later in the report. 


It is also significant that users who have 
reported actual or suspected trouble have 
not discontinued the use of potential de- 
vices for high-speed relaying. However, 
the user reporting the most trouble re- 
ports a “‘tendency to go back to the use of 
bus potential transformers on busses at 
line terminals where the stability con- 
siderations are paramount”; the reason 
for preferring bus potential transformers 
was not only their freedom from the pro- 
duction of transients, but also that the use 
of a voltage source connected to a bus per- 
mits the ‘memory action,”’ provided in 
certain high-speed relaying equipments, 
to be effective when closing a line in on a 
fault. That such memory action cannot 
be effective when voltage is obtained from 
the line side of the line breaker is well 
known, and the limitation applies whether 
potential devices or potential trans- 
formers are connected at this location. 
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When one decides to use bus voltage for 
this reason, it is generally necessary to re- 
sort to potential transformers in order to 
obtain sufficient capacity to supply the 
relays of all lines connected to the bus, 
If more than one set of coupling-capacitor 
potential devices were required to get 
sufficient output, the economic “‘advan- 
tage would be lost. Also, the fact that 
potential devices cannot be adjusted to 
correct for the variable burden with 
ground relays (to be discussed later), is 
another reason for preferring potential 
transformers. 

The other large user of potential de- 
vices who reported suspicion of transient 
trouble would apparently rather risk oc- 
casional relay misoperation because of 
potential-device transients than to supply 
the relays of all lines from a single set of 
bus potential transformers; he fears the 
possibility of trouble in the potential 
transformers or the secondary wiring af- 
fecting the relaying of all lines. In fact, 
this user appears to be more concerned 
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Figure 2. Oscillograms_ of tests on Make 
A potential device at 50 volt-amperes burden 


(A). Burden power factor 0.25 uncorrected; 

(B). Burden power factor 0.25 corrected; 

(©). Burden power factor 1.00 (no correc- 
tion required) 
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Figure 3. 


(A). Burden power factor 0.25 uncorrected; (B). 
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with delayed tripping than with improper 
tripping, although the answer to the ques- 
tionnaire does not report actual trouble 
of a delay-tripping nature. 

In short, neither the answers to the 
questionnaire nor present-day practice as 
reflected in the frequent applications of 
potential devices indicate that misopera- 
tion because of transients has been suf- 
ficiently objectionable to off-set the 
economic advantage of such devices. 


Results of Tests on 
Potential Devices 


Tests were made by the two major 
manufacturers of potential devices, under 
identical conditions of procedure, adjust- 
ment of the devices, and loading. In both 
cases, the devices tested were class-A 
coupling-capacitor potential devices and 
their associated coupling capacitors, such 
as would be used for a 115-kv, (66,400 
volts-to-ground), 60-cycle circuit. For 
each test, the device was adjusted to pro- 
duce rated secondary voltage in phase 
with the applied high-tension voltage be- 
fore the short circuit was applied. For 
ach burden used, one test was made by 
shorting the applied high-tension volt- 
age at or near the zero point of the voltage 
wave; and for the other test, the short 
was attempted at the crest of the voltage 
wave. One series of tests was performed 
with the burden corrected to unity power 
factor by capacitance loading, and the 
other tests were for no power factor cor- 
rection. The various burdens and their 
power factors are given in Table I. 
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1.00 (no correction required) 


Figures 1 to 4 show typical oscillograms 
for various burdens and adjustments. 
The potential device of one manufacturer 
is called ‘“‘Make A’’, and the other is 
called ‘“Make B”’. Reading from top to 
bottom, the oscillogram traces have the 
following significance: 

Make A—(1) Line volts (66.4 kv); (2) 
Potential-device secondary volts; (3) Cur- 
rent through useful part of burden; (4) 
Current through power factor correction 
capacitor; (5) Total of (3) and (4). 

Make B—(1) 60-cycle timing wave; (2) 
Line volts (66.4 kv); (3) Potential-device 
secondary volts; (4) Total of (5) and (6); 
(5) Current through power factor correction 
capacitor; (6) Current through useful part 
of burden. 

Trace (1) of Make A appears to show 
an appreciable remnant of line voltage 
across the coupling capacitor after the 
short was applied; actually, the voltage 
was reduced immediately to zero, but 
since the oscillograph element of trace (1) 
was connected to measure the voltage 
across a tertiary winding of the supply 
power transformer, some voltage persisted 
across this winding until the supply 
breaker was opened. The corresponding 
trace (2) of Make B was obtained from 
the secondary of a standard potential 
transformer connected directly across the 
coupling capacitor. 

As will be noted in Figures 3(A) and 
3(C) the short for those tests was actually 
applied at the crest of the voltage wave in- 
stead of at the zero point as intended; 
that this happened was not discovered 
until after the tests were finished, and the 
tests were not repeated. Actually, the 
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Oscillograms of tests on Make B potential device at 150 volt-amperes burden 


Burden power factor 


size of the transient is not much affected 
by when the short circuit is applied. 

The oscillograms are purposely grouped 
in Figures 1 to 4 to show the high-fre- 
quency-transient components introduced 
by the power-factor-correction capacitor, 
and also the reduction of the transient re- 
sulting from resistance loading. In order 
to show the effect of loading on the magni- 
tude and attenuation of the transient, the 
oscillograms are shown for the tests in- 
volving the two extreme burden magni- 
tudesused. The oscillograms for the in- 
termediate-burden power-factor and mag- 
nitude are not included, but, as might be 
expected, they show transients inter- 
mediate to those for the extreme condi- 
tions. 


Analysis of the Tests in Terms of 
Phase-Relay Operation 


The problem immediately resolves it- 
self into a consideration of the effects on 
high-speed directional relays. Distance- 
measuring elements are not involved be- 
cause the tests are for a fault at the relay 
location, and aside from slowing the 
operation of such relay elements slightly 
(and probably not noticeably), the volt- 
age transients have no other effect. But 
a high-speed directional relay might 
operate incorrectly either to prevent (or 
to delay) desired tripping, or to cause un- 
desired tripping. Therefore, this part of 
the study concerns itself only with the 
probable operation of high-speed direc- 
tional relays. 

No more than an educated guess of the 
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Figure 4. Oscillograms of tests on Make B potential device at 50 volt-amperes burden 


(A). Burden power factor 0.25 uncorrected; (B). Burden power factor 0.95 corrected to unity; (©). Burden power factor 1.00 (no cor- 


probable operating tendency of a direc- 
tional relay will be given here. There are 
too many variables involved and the art is 
not sufficiently advanced for one to say 
definitely what will happen. The Work- 
ing Group’s conclusions follow 


1. A high-speed directional relay would 
operate to cause desired tripping. 


2. Undesired tripping is also likely in some 


cases. 


~ 


3. The power factor of the burden has 
more effect than the size of the burden on 
the possibility of undesired tripping. 


4. With a 0.25 power factor burden, unde- 
sired tripping is likely, regardless of the size 
of the burden and whether or not the power 
factor is corrected to unity by capacitance 
loading. 


5. With a 0.7 power factor burden, unde- 
sired tripping may or may not occur. It is 
not clear whether there is any choice be- 
tween correcting the power factor to unity 
or not by capacitance loading. 


6. With a 1.0 power factor burden, unde- 
sired tripping is unlikely, regardless of the 
size of the burden. 


7. From the foregoing, it is concluded that 
to reduce the possibility of undesired trip- 
ping it would be better where possible to 
correct the power factor by resistance load- 
ing up to the limit of the device. It is not 
definitely indicated by the tests whether or 
not capacitive loading also is desirable; 
however, one member of the Working Group 
stated that he knew of tests that indicated a 
slight over-compensation to about 10 de- 
grees lead was beneficial. 


Technique of Analysis 


The following were estimated from the 
oscillograms and recorded-in Table I. 
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1. The frequencies of the transients. 


2. The crest value of the first half cycle of 
each transient in per-unit of initial voltage. 


3. The number of timing-wave cycles for 
the transients to decay substantially to 
zero. 


To use these data for estimating direc- 
tional-relay response, one must know how 
a directional relay responds when its 
polarizing voltage has a frequency dif- 
ferent from that of the current supplied 
by the current transformers. There are 
two different types of high-speed direc- 
tional relays in use—the single-induction- 
loop type shown schematically in Figure 
5 and the induction-cup or the double 
loop type of Figure 6. The cup and the 
double-loop types are represented in 
Figure 6 by two loops at right angles to 
one another. The X signifies that current 
is flowing down in the portion of the loop 
at right angles to the air-gap flux path, 
and the circle and dot signify that the 
current is flowing up. Equations are 
given on the figures for the instantaneous 
torques developed in both types of relays. 
The subscripts of the currents identify the 
fluxes which induce the currents. 

Let us assume that ¢, is produced by 
coil current from a current transformer 
having the basic system frequency, and 
that 2 is produced by a coil energized 
from the potential-device voltage; dz 
will be assumed to have a frequency dif- 
ferent from that of ¢). 

Figure 7 shows approximately the 
various quantities and the torques pro- 
duced over a period of time when the flux 
due to a subnormal-frequency-transient 
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voltage is assumed not to attenuate. 
Actually, this flux decays to zero after a 
few cycles, but the analysis is simplified 

if this decay is neglected. The decay is a 

very important factor, and is one of the 
things that makes a definite conclusion 
impossible, but it can be treated aaa 
from our immediate considerations. The 

two fluxes are assumed to be such that 4 
at the initial instant (0=0), the net | 
torque isa maximum. The various quan-— 
tities of Figure 7 can therefore be ex-— 
pressed as 


Con =, cos 6 

go: =. sin nO S 
1d, = —K4, sin 6 
ids = K®, cos n 


where » is the per-unit frequency of ¢2 
based on the frequency of ¢1. | 
It is significant to note that the average 
torque reverses in the case of any direc- 
tional relay after a short time. It will be 
evident that so long as the two fluxes 
continue unattenuated, the resulting 
average torque will be a sinusoidal wave - 
periodically reversing its direction. 


Figure 5. Torque <dyide 
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Figure 6. Torque ~<¢i/¢2—d2id1 


In the case of the induction-cup or the 
double induction-loop relay, the equation 
of the instantaneous torque is 


Torque a cos \(n—1)|6 


where is the per-unit frequency of the 
transient based on the normal system fre- 
quency. The average torque of the single 
induction-loop relay will be similarly ex- 
pressed. 

In order to find the length of time rep- 
resented on Figure 7 for the interval from 
§=0 to 0=86, which is the length of time 
taken for the torque to reverse after 
starting with maximum torque, we can 
let 


cos |(n—1)|=0 
or 


90 


§=———- 


(es | degrees 


In terms of the base frequency, the time 

is 

0 i 
360|(n—1)|  4|(n—1)| 


cycles 


This relation is shown in Figure 8. 
Since the duration of the period from 
8=0 to 6=86 is one quarter of the total 
torque cycle, the duration of the torque 
cycle in terms of the base frequency is 
|1/n—1|, or the actual frequency of the 
torque is |n — 1| times base frequency. 

The decisions recorded in Table I as to 
the possibility of undesired operation 
were reached in the following manner. 
It is known that a conventional high- 
speed directional relay will not operate if 
the frequency of its torque reversals is 
equal to the base frequency; if operation 
were possible, a single induction-loop re- 
lay would operate when its actuating 
quantities were at the zero-torque phase 
relations. The relay is close to operation, 
however, because it vibrates quite a bit. 
At any rate, operation was judged to be 
impossible if the frequency of the torque 
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was equal to or higher than base fre- 
quency, which is to say 


\n—1| 21 


or, when »=2 or more. This eliminated 
some of the cases where high-frequency 
transients were observed, For values of 
less than 2, operation was judged possible 
if the attenuation time was long enough 
that the torque could reverse and then 
persist for at least 1/2 cycle of base sys- 
tem frequency. In other words, for a 
given value of 7, if we determine the time 
from Figure 8 and then add 1/2 cycle, the 
attenuation of the transient must take 
longer than that time if the relay is to 
operate undesirably. Borderline cases are 
indicated in Table I by a question mark; 
these cases include those where the 
maximum crest of the transient was 10 
per cent or less. 

It is felt that the conclusions probably 
indicate a greater-than-actual likelihood 


of undesirable operation, but there are so 
many variables whose effect cannot be 
accurately evaluated that it is preferred 
to let the conclusions stand. For ex- 
ample, all induction-type relays re- 
spond best to a certain frequency, and 
their torque decreases for frequencies on 
either side of the optimum; this was not 
taken into account here. The presence of 
harmonics, even though they produce no 
net torque, produces a damping effect 
tending to slow down a relay. On the 
other hand, all high-speed relays have a 
tendency to overtravel, and, given a pulse 
of contact-closing torque, may overtravel 
enough to close contacts even though the 
torque decays to zero before the contacts 
can close. Fhe assumption that at the 
initial instant the relay is operating with 
maximum contact-opening torque is not 
necessarily valid. For a departure from 
the maximum-torque position, the at- 
tenuation time of the transient necessary 
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Component and total instantaneous 
torques (approximate) 


Figure 7. 


to cause undesired operation may be 
greater or less than that used as a basis for 
the conclusions of Table I. And finally, 
the maximum crest, the frequency, and 
the time to attenuate to zero recorded in 
Table I were only estimates. 


Analysis of the Tests in Terms of 
Ground-Relay Operation 


It has been shown that the cause of 
phase-relay misoperation is the change in 
phase of the transient voltage. At the 
start of the short circuit, the phase rela- 
tion of the transient voltage is such as to 
give proper relay operation, but after a 
certain time the transient voltage changes 
phase sufficiently to cause misoperation. 
In this case, the transient voltage is the 
sole voltage on which the relay relies for 
its operation. 

The operating tendency of a direc- 
tional-ground relay is just the opposite 
to that of a phase relay. The presence of 
a potential-device transient produces a 
misoperating tendency at the initial in- 
stant of the short circuit, but after a very 
short time the operating tendency be- 
comes correct. In this case, the relay re- 
lies for its operation on the vector sum of 
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the voltages from the three potential de- 
vices, and the transient voltage of one de- 
vice introduces the greatest error at the 
initial instant. The subsequent change in 
phase of the transient voltage has little if 
any effect because the voltage attenuates, 
and therefore, the voltage across the 
polarizing coil approaches closer to the 
correct value, which gives proper opera- 
tion. 

Figure 9 shows the three potential-de- 
vice voltages and the burden voltage be- 
fore and after a phase-to-ground short 
circuit on one phase. Also, the voltage 
across the burden is shown as it would be 
if the potential device of the shorted phase 
had no transient. Comparing this volt- 
age with the actual voltage, one will see 
that at the initial instant and for a frac- 
tion of a cycle thereafter, the apparent 
phase of the actual voltage is very dif- 
ferent from what it would be without the 
transient. It is during this interval that a 
directional-ground relay may generate a 
pulse of torque in the wrong direction. 

However, immediately after this in- 
terval, the voltage closely approaches the 
true voltage, the difference in phase 
quickly attenuating to a negligible value, 
and correct torque will be generated. 
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depends on the mechanical response of the 


relay during that interval; the subse- — 
quent generation of correct torque will 
tend to minimize the likelihood of im- — 


proper tripping. 


It follows from the foregoing that‘if the — 
closing of the trip circuit is delayed — 


slightly, improper tripping is unlikely. 


Such a delay should not be too objection- 
able in view of the fact that a single — 


phase-to-ground fault is not as detri- 


mental to stability as interphase faults; — 


for a two phase-to-ground fault, the phase 
relaying can operate undelayed. In fact, 
modern high-speed relaying equipments 
contain the necessary delay because of the 
use of auxiliary relays in the tripping 
functions. 


e 
& 


Whether the initial misoperating tend- . 
ency will actually cause improper tripping 


The burden on the auxiliary windings of — 


potential devices supplying polarizing 


voltage to directional-ground relays can- — 
not be compensated either by resistance — 
or capacitance auxiliary loading so as to © 


minimize the transient. With the broken- 


delta connection, the same current flows — 


through the auxiliary winding of all three 
devices when a ground fault occurs, and 
no matter what the power factor of the 
burden is, it will be different when re- 


ferred to each winding since the voltage of — 


each winding has a different phase. If 
the burdens on the phase-relay windings 
are properly chosen as to magnitude and 
power factor, and if the ground-relay 
burden is a small part of the total, its 
effect will be negligible. 

Otherwise, the steady-state error in- 
troduced into the voltage across the 
ground-relay coils owing to different 
errors of each of the three devices may 
be more of a problem than the possibility 
of transient-voltage error. Such steady- 
state error is subject to a relatively 
simple check, however. 


The Probability of 
Relay Misoperation 


The foregoing analyses have shown that 
relay misoperation is possible for the con- 
ditions tested. In this respect, the tests 
merely confirm the prevalent suspicions. 
But the test results also show that it is 
almost ‘‘touch and go’”’ whether misopera- 
tion will occur, even under the most ad- 
verse conditions of potential-device load- 
ing and adjustment; for the most favor- 
able conditions, misoperation is unlikely. 
It is appreciated that it will not be pos- 
sible to use much if any supplementary 
resistance loading when the useful burden 
loads the device nearly to full capacity; 
where such conditions prevail, improper 
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Figure 8. 


relay operation is likely under the condi- 
tions tested. 

But lest improper emphasis be placed 
on the likelihood of misoperation under 
actual service conditions, one should 
realize that the conditions tested are 
rarely if ever duplicated in actual service. 
Seldom if ever will the high-tension volt- 
age be reduced immediately to zero as in 
the tests. This will happen only if a 
maintenance crew forgets to remove 
grounding protective means connected at 
the terminals of the coupling capacitors, 
and the line circuit breaker is closed in on 
this solid 3-phase short circuit. Or, sucha 
condition might be duplicated in a staged 
test where a solid short circuit was ap- 
plied through a circuit breaker at a line 
terminal. The usual short circuit com- 
prises an arc, and the voltage across the 
are will be at least 4 per cent of rated 
voltage. Moreover, the voltage does not 
immediately decrease to that low value, 
and this will still further lessen the sever- 
ity of the transient-voltage output of the 
potential device. The probability of even 
an arcing short circuit occurring at the 
terminals of the coupling capacitor is very 
small, and the greater the length of line 
between the coupling capacitors and the 
fault, the higher the minimum voltage. 
Tests have indicated that if the line-to- 
ground voltage is not reduced below 8 per 
cent of normal, relay misoperation be- 
cause of potential-device transients is im- 
possible, even though one does not use the 
loading methods recommended herein for 
minimizing the transient. 


Coupling-Capacitor Potential 
Devices versus Potential 
Transformers 


The only justification for using poten- 


tial devices is to save expense. While the 
findings of the Working Group would 
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Duration of the period corresponding to that from 6=0 to 0=6 of Figure 7(C) 


seem to “lay the ghost” of potential-de- 
vice transients, nevertheless, there will 
always be a small amount of uncertainty. 
Furthermore, it should be realized that 
present-day relay speeds have been as- 
sumed; should relay speed be much in- 
creased, it is possible that present-day 
potential devices will not be suitable. 
Errors arising from the inability to equal- 
ize the burdens on the auxiliary windings 
for ground-relay polarization is another 
disadvantage of potential devices not 
shared by potential transformers. 


Attainment of Objectives 


The primary objectives of the Working 
Group to obtain data on potential-device 
transients and their effect on relay opera- 
tion have been attained. However, the 
ultimate objectives are only partially at- 
tained. This report gives only suggestions 
for guidance in the loading of potential 
devices so as to avoid as far as possible the 
likelihood of relay misoperation. To try 
to predetermine relay performance ex- 
cept in a general qualitative way is felt to 
be impracticable. 

It is probably possible to establish 
standards of transient performance, but 


RESIDUAL VOLTAGE 
WITH SECONDARY 
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TO PRIMARY VOLTAGE 
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PRIMARY 
VOLTAGE 
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the Working Group has made no effort in 
this respect. If such standards were to be 
devised, they should, in effect, assure as 
good transient performance as that now 
provided by the devices tested for this 
report. It was the opinion of the Working 
Group that the present investigation has 
not indicated the necessity of redesigning 
the potential devices now available, in 
order to improve their transient perform- 
ance. Improvement would be possible, 
but it would result in more costly de- 
vices, and this would nullify the economic 
advantages now enjoyed by potential de- 
vices for the higher voltages. It is felt 
that these devices are generally satisfac- 
tory for most high-speed relay applica- 
tions, and that there is no need at this 
time for performance standards. 


Conclusions 


Based on the answers to the question- 
naire, the tests and analytical studies, and 
the knowledge of members of the Working 
Group as to present-day experience and 
practices, the following conclusions are 
presented. 

1. Potential transformers should be 
used in preference to coupling-capacitor 
potential devices when such use is econom- 
ically justifiable. 

2. Present-day coupling-capacitor-po- 
tential devices, properly loaded and ad- 
justed, are suitable for most high-speed 
relaying applications. 

3. Coupling-capacitor devices will, in 
rare cases, produce transient voltages that 
will cause undesired tripping by direc- 
tional-relay operation. Desired tripping 
will always occur, though with a short- 
time delay in rare cases. 

4. Low power-factor useful burden 
imposed on potential devices should be 
kept to a minimum in order that auxiliary 
resistance loading to the full capacity of 
the devices can be employed. 

5. Power -factor - correction - capacitor 
loading should be used, but only in addi- 
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tion to the maximum possible resistance 
loading, to overcorrect the power factor to 
approximately 10-degrees lead. 

6. The practices of (4) and (5) will 
minimize the likelihood of improper 
directional-relay operation. 

7. The difficulty of obtaining satis- 
factory adjustment when directional- 
ground-relay polarization is involved is 
more of a detriment to the use of potential 
devices than their transient performance. 

8. Where a _ suitable power-trans- 
former neutral-current polarizing source is 
available for directional-ground relays, it 
should be used in preference to voltage 
polarization from the auxiliary windings 
of potential devices. 


9. Where potential devices must be 
used for polarizing high-speed directional- 
ground relays, an auxiliary relay to add a 
cycle or two time delay to the closing of 
the trip circuit should not be objection- 
able in most cases, and it will minimize 
the likelihood of improper tripping. 

10. Should relaying speed be in- 
creased above that of present-day equip- 
ment, it is likely that present-day poten- 
tial devices will not be adequate. 

11. It is not practicable to try to pre- 
dict high-speed-relay operation resulting 
from potential-device transients, except 
in a qualitative way. 

12. It is not felt that the short com- 
ings of potential devices are enough to 


i 
justify their redesign because it would un- 
doubtedly make them more costly, and 
would therefore nullify their present 
economic advantage. 

13. It is not felt that standards of 
transient performance are presently re- 
quired. 


14. Although bushing potential de-. 


vices were not tested, it is the general 
opinion of the Working-Group members 
that the bushing potential device would 


behave similarly to the coupling-capac- 
itor potential device, but to a lesser de- 
The duration of oscillation should — 


gree. 
be shorter because of faster self-damping 


resulting from the smaller capacitance and 


higher loss ratios. 


Discussion 


A. W. Adams (Bonneville Power Adminis- 
tration, Portland, Oreg.): The members of 
the Working Group and the manufacturers 
who co-operated in this report are to be 
complimented on their work on this ex- 
tremely difficult problem. 


The Bonneville Power Administration has 
been interested in this problem for a number 
of years but the large number of variables 
encountered prevented us from conducting 
tests that would lead to conclusive results. 
The Working Group, in this report, has 
arrived at a fairly definite procedure for 
improving the performance of potential 
devices. 

It will still be necessary for each utility 
to decide for themselves whether potential 
devices or potential transformers should be 
used where the first cost of potential trans- 
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formers is higher than the cost of potential 
device. 

On the Bonneville system, we believe that 
considerable weight should be given to the 
lack of transients with potential trans- 
formers. If high-speed relaying can be 
speeded up even a fraction of a cycle by 
replacing potential devices with potential 
transformers, considerable extra cost can 
be justified. In many cases, one set of 
potential transformers can be used for the 
relays on three or more circuits. 

On our system, we have a number of 
cases of potential devices that have required 
recalibration even when the burden had 
not been changed. In most cases, the 
reason for this change was never fully in- 
vestigated, but it has influenced our ideas 
regarding the use of potential devices. 

The Committee has recognized the weak- 
nesses of potential devices, such as in- 
accuracy for polarizing ground directional 
relays. It also must be recognized that the 
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additional delay in the trip circuit recom- 
mended to eliminate improper tripping for 
ground faults will also delay high-speed 
reclosing. 

The lack of standards for transient per- 
formance of potential devices is a serious 
disadvantage to an agency which must 
purchase equipment on the basis of the low 


bid received which meets specifications. — 


If no standards or specifications for tran- 
sient performance are available, it is possible 


for a manufacturer to offer us equipment — 


which would be suitable for steady-state 
performance but entirely unsuitable in its 
transient performance. 

We are sure that the manufacturers will 
continue their experimental work and the 
development of potential devices. With the 
present cost of high-voltage potential trans- 


formers, potential devices must be used in © 
their place for many purposes and, if im- — 
proved devices are available, they will be — 


used for additional purposes. 
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Predetermination of Control 


Characteristics of Half-Wave Self- 
Saturated Magnetic Amplifiers 


HENRY LEHMANN 


ASSOCIATE MEMBER AIEE 


Synopsis: The control characteristic of a 
self-saturated magnetic amplifier is depend- 
ent upon the magnetic properties of the core 
material. A method is outlined for the ex- 
perimental determination of the control 
magnetization curve, a plot of the locus of 
the minor dynamic hysteresis loops, which 
may be used with a firing angle analysis to 
predict the performance of simple magnetic 
amplifiers with high-control circuit imped- 
ance. 


URING the past few years, numerous 

papers have been written in an at- 
tempt to explain the operation of mag- 
netic amplifiers as system elements. 
Reviewing the literature of this field, 
one may find waveform analyses of vari- 
ous series and parallel circuits, or rela- 
tions defining the power gain or speed of 
response in terms of physical constants of 
the system. One immediately notices a 
common property of these papers. In 
most cases the author accepts a mathe- 
matical defeat at the hand of the non- 
linear characteristics of the core and 
rectifier. The author is forced to make 
rash assumptions regarding the forward 
and reverse resistances of the rectifier 
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and the B-H relationship of the magnetic 
material. The performance equations de- 
rived on the basis of these assumptions 
establish a clear and simple physical pic- 
ture, but cannot be used to predict the 
exact performance of the magnetic am- 
plifier circuit. Methods are available 
for the approximate calculations of power 
gains and time constants of a magnetic 
amplifier, so that its effect on a control 
system can be ascertained, but the non- 
linearities of the magnetic amplifier it- 
self are just beginning to be studied. 
Systems containing these magnetic ele- 
ments are being designed and function 
properly after certain adjustments are 
made in the laboratory, but one cannot 
as yet predict exactly what output will be 
obtained for a given control current. 

This situation is not a healthy one. In 
order to minimize the design efforts and 
to maximize the utilization of materials, 
the factors influencing the actual control 
characteristics must be understood. Two 
questions thus present themselves: 


1. How do the actual control characteris- 
tics differ from the theoretical character- 
istics derived using the usual linearizing 
assumptions? 


2. What causes these differences in charac- 
teristics? 


A method is thus needed to predict the 
control characteristics of a magnetic 
amplifier from the physical properties of 
the component parts. Only then can ma- 
terials be properly selected to yield the 
optimum performance of the circuit. 
When the magnetic amplifier as a circuit 
element is understood, the system prob- 
lems will solve themselves, because a 
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magnetic amplifier of the required char- 
acteristics can then be synthesized. 

It is the purpose of this paper to de- 
velop a semiexperimental method by 
which the nonlinearities of the magnetic 
core can be included in the prediction of 
magnetic amplifier performance. No 
effort is made to include the nonlinearities 
of the rectifier. 


The Circuit Element Considered 


Since this is a study of circuit elements, 
the simplest type of magnetic amplifier is 
chosen for the analysis. The scope of this 
paper is limited to half wave self-satu- 
rated magnetic amplifiers with high im- 
pedance control circuits. This is the 
basic component of many complex sys- 
tems, so that the theory developed for 
this elementary circuit element should be 
valid for a broad range of circuits, see 
Figure 1. 

“Self-saturation in a magnetic am- 
plifier refers to the connection of half- 
wave rectifying circuit elements in series 
with the output windings of the saturable 
reactors.’® The feedback current thus 
flows through the load winding, resulting 
in 100 per cent feedback. 

From ordinary transformer theory it is 
known that the average ampere-turns 
must be balanced out aroundacore. The 
direct current flowing in the load winding 


—+ Io 
AMP. 
~ CHOKE 
RECT. 
Rt 
Figure 1. Half-wave self-saturating magnetic 


amplifier with high control circuit impedance 
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if Hp =O 


Extremely rectangular hysteresis 
loop 


Figure 2. 


exactly balances out the load ampere- 
consequently, the only ampere- 
turns which need be supplied by the con- 


turns; 


trol winding are the magnetizing ampere- 
turns. Since these are very small for the 
high grade core materials used, large 
amounts of power can be controlled with 
very small control currents, resulting in 
large power gains. 

The choke is included in the circuit of 
Figure 1 to prevent alternating currents 
from flowing in the control circuit. Thus, 
the control current consists only of a 
direct component. Since the rectifier 
does not permit negative load currents, 
the flux density in the core can never 
fall below the residual point when the 
control current is zero or positive. 

For the rectangular hysteresis loop ma- 
terials commonly used in high-perform- 
ance magnetic amplifiers, maximum 
output is expected when the control mag- 
netizing force, Ho, is equal to zero. Figure 
2 indicates that useful control is obtained 
only for negative values of control am- 
pere-turns, 


Assumptions Made in Previous 
Papers 


One of the common simplifications 
made in order to obtain a physical picture 


Figure 3. Simplified B-H relationship in core 


Nomenclature 


A,=dimensionless ratio defining output 
voltage 

B=flux density in core at any instant 

o =bias flux density equivalent to control 

magnetizing force 

By=firing flux density 

Bm=maximum flux density associated with 
supply voltage Em/(wNA) 

B, =residual flux density 

€o =instantaneous output voltage 

Eo =average output voltage 

Em=maximum value of supply voltage 

H,=control magnetizing force 

N=number of turns on load winding 

R,=load resistance 

yys=firing angle 

w=angular frequency of supply voltage 

Ey=wNABy 


of the amplifier operation is to treat the 
B-H relationship of the core material as 
the simple 3-line diagram of Figure 3.5° 
Other simplified B-H curves are Figure 
48° and the actual d-c magnetization 
curve.!*4 When applied to rectangular 
hysteresis loop materials, none of these 
assumptions show that maximum output 
is obtained with zero control current. 
Only two papers have been found which 
use the d-c hysteresis loop of the ma- 
terial.’ The control current is assumed 
to force the residual flux density down 
along the upper portion of the hysteresis 
loop. It will be shown that this is not 
the actual B-H relationship in the core. 


Firing Angle Analysis 


In analysing the operation of the mag- 
netic amplifier using the d-c hysteresis 
loop of the core material, W. J. Dorn- 
hoefer’ treats the amplifier as a thyra- 
tron. The following assumptions are 
made in the analysis: 

1. The core material has a rectangular 
hysteresis loop, that is, the differential 
permeability is very high and constant until 
a level is reached where the differential 


Figure 4. Simplified B-H relationship in core 
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DYNAMIC MAJOR 
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Figure 5. Location of control magnetization 
curve with respect to major hysteresis loop 


permeability suddenly drops to a very low 
value. 


2. The rectifier has infinite reverse resist- 
ance, 


3. The applied voltage is sinusoidal. 


4. The total load circuit resistance is low 
compared to the unsaturated coil reactance 
and high compared to the saturated react- 
ance, 


5. The rectifier forward resistance is con- 
stant. 


As long as the total flux density in the 
core is below the firing flux density, By, 
at the knee of the hysteresis loop, no cur- 
rent can flow. As soon as the flux density 
rises above this value, the core permea- 
bility drops to a very low value, and the 
current is limited only by the load circuit 
resistance. 

The angle of the sinusoidal voltage at 
which firing occurs is given by 


Bry—B 
spear (1-75 *") (1) 


The output voltage is thus 
eo =Em sin wt (2) 


and, in dimensionless form 


421 (3) 


The application of this analysis de- 
pends upon the proper determination of 
B, and By, both properties of the core ma- 
terial. 


Determination of B,—Control 
Magnetization Curve 
Since an alternating voltage is applied 

to the magnetic amplifier, the flux in the 

core does not follow the .d-c hysteresis 
loop, so that this curve cannot be used to 
predict the B,—H, relationship in the 
core. Eddy currents flow in the lamina- 
tions and must be supplied from the a+c 
power source. The total a-c magnetizing 


AIEE TRANSACTIONS 
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(a) VERY SHARP 
KNEE 


CURRENT -i —> 


(b) ROUNDED 
KNEE 


Figure 6. Output current waveforms obtained 
for hysteresis loop with very sharp and 
rounded knee 


current flowing at any instant is the sum 
of the current determined from the d-c 
hysteresis loop and that required to sup- 
ply the eddy current losses. The latter 
component is in phase with the voltage 
and is a maximum when the flux in the 
core is zéro. The maximum widening of 
the hysteresis loop in going from direct 


Figure 7. Control magnetization curve in relation to d-c and dynamic 
hysteresis loops for 0.010-inch thick Deltamax 
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D.C. 
HYSTERESIS 
LOOP 


current to power frequency excitation 
thus occurs at the coercive point. 

The reader may be surprised that eddy 
currents must be considered in studying 
the performance of magnetic elements 
constructed of laminations of thicknesses 
as low as 0.002 inch and operating at 60 
cycles per second. However, it is pre- 
cisely this effect which has resulted in 
poor agreement between the experi- 
mental control characteristics and the 
theoretical ones based on the d-c hys- 
teresis loop. 

The rectangular hysteresis loop ma- 
terials used in magnetic amplifiers have 
resistivities approximately the same as 
the more common transformer steels. 
The eddy current losses, and their equiv- 
alent magnetizing forces, H,, will thus 
be the same for two coils, one using trans- 
former steel, and the other a high grade 
rectangular hysteresis loop material. 
However, the d-c coercive force of the 
rectangular loop material is considerably 
smaller than that of the transformer 
steel. The eddy current component of 
coercive force thus represents a larger per- 
centage of the total for the rectangular 
loop material, so that eddy current ef- 


Table I. 


Comparison between D-C and 
Dynamic Hysteresis Loops* 


60 
Cycles 
per 
D-c Second 
He He He 
Material, Resis- ee 
Inches tivity Oersteds 


0.010 Deltamax....50....0.125,.0.185...0.310 
0.005 Deltamax....50....0.040. .0.060...0.100 
0.005 Permalloy....25,...0.020..0.150...0.170 


* It should be noted that the ratio of He values 
for 0.010-inch and 0.005-inch Deltamax at 60 cycles 
per second is not four as would be expected from the 
elementary eddy current equations. Further ex- 
perimental data have substantiated the above im- 
plication that for those square loop materials the 
elementary eddy current equation in which the loss 
is proportioned to the frequency and thickness 
squared is inaccurate. A preliminary theoretical 
investigation ‘has revealed He to be a more com- 
plicated function of the frequency, lamination 
thickness, maximum induction, and permeability. 


fects are of greater importance in high 
grade magnetic amplifier cores. 

Table I is a compilation of experi- 
mentally determined coercive forces of 
various samples of magnetic amplifier 
cores. This table indicates that the d-c 
and dynamic hysteresis loops are entirely 
different. The coercive force at 60 cycles 
per second of Deltamax (square loop 


Figure 8. Calculated and measured control characteristics of 1/2-wave 
magnetic amplifier using 0.010-inch thick ring Deltamax core 
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pe ale Figure 10. Control characteristics of 1/2-wave magnetic amplifier using 
0.010-inch thick Deltamax core at 420 cycles per second 


Figure 9. Control magnetization curve of 0.010-inch Deltamax ring 


core at 420 cycles per second bie 
effects, accurate prediction of the mag- 


netic amplifier control characteristics can 
Nicaloi) is about 21/, times that under that of Deltamax for the same thickness thus not be expected using the d-c hys- 
d-c excitation. Permalloy which has a of lamination. Since the core follows a  teresis loop. 
d-c coercive force one half that of Delta- | minor dynamic hysteresis loop in its oper- In order to use the firing angle analysis 
max has, because of its lower resistivity,a ating cycle, and since these dynamic to predict the control characteristics of a 
60-cycle-per-second coercive force 1.7 loops are widened by the eddy current magnetic amplifier, the bias flux density 
must be known for every value of control 


; ae : Bee 
Figure 11. D-c hysteresis loop of 0.010-inch Deltamax core used in magnetizing force, (at 1 im i 


magnetic amplifier 


6 Figure 12. Control characteristics at 60-cycles per second of 0.005- 
inch Deltamax and Permalloy cores 
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(A). Ho=0 


(B). H,=0.151 


(C). H.=0.202 


(D). H.=0.299 


Figure 13. Dynamic minor hysteresis loops 
at 60 cycles per second. 0.010-inch Delta- 
max, B,,/B;=0.75 
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lationship must be known. It was be- 
lieved that increasing H, negatively would 
cause B, to follow along the upper half of 
the major dynamic hysteresis loop ob- 
tained at the operating frequency, start- 
ing from B, at H,=0 (see Figure 5). 
Values of B, thus obtained were inserted 
into equation 3, and a control character- 
istic was constructed. Poor agreement 
was obtained with the experimental re- 
sults. The error was in a direction op- 
posite to that obtained using the d-c 
hysteresis loop. 

This led to the conclusion that the 
B,—H, relationship in the core is neither 
the d-c nor the a-c major hysteresis loop, 
but lies somewhere between these two 
curves. This relationship can be obtained 
only by actually plotting the locus of the 
bottom tips of the minor hysteresis loops 
over which the core operates, as shown in 
This curve has been called the 
This curve 


Figure 5. 
control magnetization curve. 
must be obtained at the actual frequency 
of operation of the amplifier. At any 
other frequency, the eddy current ef- 
fects will be different and the minor hys- 
teresis loops obtained will not be those 
over which the core will actually operate. 

The value of B, obtained by this 
method is used with the actual flux den- 
sity at the knee of the rectangular dy- 
namic hysteresis loop as B;, and yields ex- 
cellent correlation with the measured re- 
sults. 


Determination of B, 


The knee of the hysteresis loop does not 
occur at a singular point in most com- 
mercial magnetic materials. It is thus of 
interest to know what value of B; to use 
when the assumption of perfect rec- 
tangularity is not met. The voltage 
equation around the load circuit is 


Nd 


V sin wt =— = +iR (4) 

Or 

Vanek we aR (5) 
sin al = di dt 4 


Thus, as soon as dy/di starts to de- 
crease, di/dt goes up, producing an in- 
crease in current. If the knee is very 
sharp, dy/di suddenly drops to a very low 
value, causing a rapid increase in current 
referred to as firing. However, if the 
knee is gradual, such sharp firing does not 
occur, and the current increases more 
gradually. Two extreme current wave- 
forms are shown in Figure 6. It is diffi- 
cult to say where firing occurs for the ma- 
terial of Figure 6(B). It is suggested that 
B, be taken as the point at which the 
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(©. Ho=0.202 


i. Se, 


(D). Ho.=0.229 


Figure 14. Load current wave forms at 60 
cycles per second of 0.010-inch Deltamax 
B,,/B;=0.75 


differential permeability is one half of the 
maximum core permeability, the latter 
being determined by drawing a line from 
the origin tangent to the rising portion of 
the dynamic major hysteresis loop. 


Limitations of Analysis 


Only half-wave circuits with high- 
control circuit impedance have been con- 
sidered. This method has been applied 
successfully to parallel full wave circuits 
with high-control circuit impedance. 
Little success has been obtained in apply- 
ing this method to low-control circuit im- 
pedance cases, but further effort is being 
directed along this line. 

Infinite reverse rectifier resistance has 
been assumed. Rectifier reverse leakage 
will permit negative load current flow 
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Figure 15. Suggested circuit for determination of control magnetization curve 


and will thus permit a net negative mag- 
netizing force in the core when H,=0. 
This causes a lateral shift in the control 
characteristic with some modification in 
the circuit gain. This problem must be 
considered entirely separately. 


Explanation of Results 


Figure 7 shows the control magnetiza- 
tion curve in relation to the control re- 
gions of major hysteresis loops. This 
shows clearly that the B,—H, relation- 
ship can not be approximated by either 
the d-c or dynamic major loop. 

Figure 8 shows the calculated and 
measured control characteristics at 60 
cycles per second. These curves are 
shown only in the control region and can 
be extended in both directions of H). 
The curves indicate that the output can- 
not be reduced to zero. This minimum 
output is duetothe prefiring current, pres- 
ent only because the presaturation in- 
ductance is not infinite. This can also 
be seen from the current waveforms under 
almost complete cut off of Figure 15. 
Further increases in H, cause the output 
to rise, but at a very low slope. This oc- 
curs because B, is driven into the negative 
saturation region, and the rectified load 
current increases instead of decreasing the 
ampere-turns which must be overcome by 
the control current. This is a region of 
low amplifier gain. 

The agreement between the measured 
and calculated curves at 60 cycles per 
second is good. The error which exists is 
probably due to rectifier nonlinearity or 
noninstantaneous firing. The calculated 
control curve for 420 cycles per second 
is drawn to the same scale on Figure 8 
to show the decreased gain of the ampli- 
fier because of eddy current in the core. 

Figure 10 shows the control charac- 
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teristic of the circuit at 420 cycles per 
second, obtained from the control mag- 
netization curve of Figure 9. The agree- 
ment seems to be only fair in the full out- 
put region. This occurs because one of 
the assumptions was not met. Operating 
at the same flux density, seven times the 
voltage is used at 420 cycles per second as 
compared to 60. The reactive voltage 
drop across the winding after saturation 
also goes up by a factor of seven. How- 
ever, in this case the load circuit resist- 
ance was only increased by a factor of 
five, so that the post-saturation induct- 
ance has a greater effect in limiting the 
current at 420 cycles per second. The 
full supply voltage then does not appear 
across the circuit resistance. 

Figure 11 shows the d-c hysteresis loop 
of the material used. Ring cores wound 
of 0.010-inch thick Deltamax were 
used. B, is about the same there 
as on the dynamic loop, and was selected 
as 14,000 gausses. 

Figure 12 shows the control character- 
istics obtained at 60 cycles per second 
using 0.005-inch thick Deltamax and 
Permalloy. Because of the larger eddy 
current loss in the Permalloy, a greater 
control current is required for the same 
output, and the circuit gain is lower. 

Figure 13 shows oscillograms of the 
minor loops for various values of H,. 
Figure 14 shows the load current wave- 
forms under the same operating condi- 
tions. These photographs were taken at 
60 cycles per second with B,,/B;=0.75. 


Suggested Procedure for Obtaining 
Control Magnetization Curve 


A circuit used for obtaining the minor 
dynamic hysteresis loops is shown in 
Figure 15. For any given H,, or the 
directly measurable quantity J,, the B 
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down from the residual point is measured 4 
on the oscilloscope. By knowing the re- 
sidual flux density of the material, the — 
actual value of B at the bottom of the 
minor loops are then plotted against H,, 
resulting in the control magnetization | 


curves of Figures 7 and 9. 


SpeciaL NOTES ON APPARATUS USED 
Rectifier: 


fier should be used to minimize the re- — 


verse current. The forward resistance 


should be essentially constant over the — 
range of load current encountered. If 
this resistance variation is appreciable, — 
the rectifier forward resistance should be — 
made small compared to R; so that the — 
total circuit resistance remains essentially — 


constant. 


Over-all Circuit Reststance: The 


total load circuit resistance should be — 
much smaller than the unsaturated ampli- — 


fier reactance, so that the total applied 


voltage appears across the amplifier load — 
winding before firing. The load circuit © 
resistance should be sufficiently greater 


than the saturated coil reactance, so that 
essentially all of the applied voltage ap- 
pears across the load resistance after fir- 
ing. Then, the actual conditions of oper- 
ation as stated in the analysis are met. 


Amplifiers: It is essential that no 
phase shift be introduced in the ampli- 
fiers, so that the true phase relation be- 
tween B and H is not disturbed. In order 
to obtain low phase shift the amplifiers 
must have good low frequency charac- 
teristics. Because of the integrating cir- 
cuit the B amplifier must have high gain, 
which means that the circuit will be very 
sensitive to low frequency voltage varia- 
tions. In order to prevent flicker of the 
pattern on the oscilloscope, excellent 
stability of the plate supply is required. 


Core: In order for this curve to be of 
most value, it should be taken on the 
actual core to be used. This refers to ma- 
terial composition and thickness, anneal, 
shape, and frequency. A variation in any 
of these factors will change the B, —H, re- 
lationship and introduce errors in tthe cal- 
culations. This may appear as a large 
task, but it is done for hysteresis loops 
used in transformer, and this curve may 
be considered as equivalent in importance 
to the magnetic amplifier designer. 
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Discussion 


R. H. Bueshcer (General Electric Co., 
Schenectady, N. Y.): Mr. Lehmann has 
done a good job in devising a method of 
predicting characteristics of magnetic am- 
plifiers. However, several points in the 
paper have been made which are worthy of 
additional consideration. 

Concerning the control magnetization 
curve, Mr. Lehmann reports that it is found 
by plotting the minor hysteresis loops, by 
electronic means, then finding the lower 
most point of those loops, and replotting 
them for various output levels until the 
entire desired curve is obtained. Mr. 
Lehmann then reasons that with this curve, 
firing angle analysis may be used to predict 
amplifier characteristics. The firing angle 
analysis is based on the assumption that 
when the supply voltage goes through zero, 
the voltage across the load winding is like- 
wise zero, and hence equation 1 is found. 
Since eddy currents in the laminations are 
not necessarily in phase with the supply 
voltage it would seem more reasonable to 
find the control magnetization curve from 


. points on the minor loops at times when the 


supply voltage passes through zero. This 
could be accomplished by superimposing 
small blips on the supply voltage, small 
enough to be negligible in the consideration 
of the energy storage. Also it is possible 
to show that for certain shapes of cores 
and windings that there is considerable 
after saturation inductance which tends to 
carry over the current beyond the point at 
which the supply voltage returns to zero, 
and the direct firing angle analysis must 
still be corrected by a factor. 
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Although the paper’s author mentioned 
some of the limitations of the control mag- 
netization curve approach, the most basic 
objection should be kept in mind. A good 
design method should be able to specify 
the optimum size and shape core which 
must be used. According to Mr. Lehmann’s 
methods, we must first construct the actual 
core on which to perform the tests and find 
the control magnetization curve. This is 
necessary since variations within even one 
batch of annealed magnetic material are 
appreciable. After this has been done only 
the simplest portion of the design remains. 
Establishment of the number of turns on 
the core can usually be found from the 
desirable magnitude of the supply voltage 
and from the over-all current gain. There- 
fore, use of Mr. Lehmann’s approach re- 
quire guessing the most difficult and ex- 
pensive portion of the design procedure. 

It is indeed refreshing to see in this paper 
that the author, basically an analyst, suc- 
cessfully realizes that the magnetic ampli- 
fier is difficult to analyze directly through 
mathematical relationships, and has taken 
a large step in the direction of real design 
simplification. 


H. Lehmann: Mr. Bueshcer states that 
the variations within one batch of annealed 
magnetic material appreciably affect the 
control magnetization curve. This may be 
true, but this would prevent any accurate 
design of a magnetic device. This is a 
situation which can be remedied only by 
better quality control. Until this is 
achieved, a statistical mean of the magnetic 
properties of a batch must be used, and it 
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must be realized that actual performance 
can check with the design predictions only 
to the degree of uniformity of the batch. 

The firing angle analysis based on the 
control magnetization curve can be used to 
study the maximum gains and maximum 
operating range obtainable for a given core. 
These must be known before other factors 
can be considered in the selection of a core. 

Mr. Bueshcer’s comments on the post- 
saturation inductance are quite accurate. 
If the hysteresis loops are available from 
which the post-saturation inductance can 
be computed, the correction factor in the 
analysis can easily be determined from the 
load resistance and this inductance. It is 
expected that the winding resistance of the 
reactor and the forward resistance of the 
rectifier may actually be more important 
in limiting the output than the post-satura- 
tion inductance. 

This analysis, as such, will not give good 
correlation with the experimental results on 
a practical magnetic amplifier. The most 
important reason for this is that infinite 
reverse resistance of the rectifier has been 
assumed. It may be possible that the 
effect of the rectifier is of such a magnitude 
to mask the error introduced by neglecting 
eddy currents in the consideration of the 
core 

However, to be able to outline a practi- 
cal design method, each variable must be 
analyzed separately. Only then can one 
show quantitatively that one effect is 
negligible compared to another and can thus 
be neglected. This paper is an attempt to 
understand the basic behavior of the core. 
After this basic understanding is gained, 
the effect of the assumptions can be studied 
and the theory reduced to practice. 
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Bibliography of Magnetic Amplifier 
Devices and the Saturable Reactor Art 


JAMES G. MILES 


ASSOCIATE MEMBER AIEE 


HIS Bibliography lists all references 

on Magnetic Amplifier Devices and 
the Saturable Reactor Art known by or 
suggested to the author to mid-1951. 
It was prepared particularly as an aid to 
the accumulation of information on 
saturable reactors and saturable trans- 
formers as related to the magnetic am- 
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magnetic theory, measurements, core ma- 
terial characteristics, and rectifier char- 
acteristics pertinent to the development 
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Entries are arranged chronologically by 
year of publication, and alphabetically 
within each year by authors’ names. 
Where there are two or more authors for 


Table I. 


an item, the item is listed only once, under 
the first authors’ surname. 

If a book or article is written in a 
foreign language, the title has been trans- 
lated into accepted English terminology 
and the language of the original has been 
noted in parenthesis following the Eng- 
lish title. Following the title are given 
the usual bibliographic data on the 
author or authors, name of publication, 
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All patents included have been classi- 
fied according to Table I. The key num- 
bers and letters associated with each pat- 
ent thus represent information relating 
to the magnetic amplifier class and circuit 
type, and to special means for affecting 


Classification Chart for Saturable Core Devices 


I, Magnetic Amplifiers: 


A. Saturable reactors controlled by signal magnetomotive force. 
B. Saturable transformers controlled by signal magnetomotive force. 

B’. Control by varying incremental permeability or by distorting waveform. 

B”. Control of mutual inductance by varying the reluctance of a saturable shunt. 
C. Magnetic modulators with negative resistance characteristics. 


General classes A and B contain specific circuit types such as polarized and nonpolarised magnelic amplifiers 


com prising: 
1. Single-sided circuits. 
2. Push-pull circuits. 
3. Wheatstone-bridge-type circuits. 
4. 


Special magnetic amplifier circuits (such as cross-connected pairs of magnetic amplifiers, magnetic 
amplifiers in combination with transformers, et cetera). 


Amplifier sensitivity, stability, linearity, and speed of response may be affected by incorporating any one 


or more of the following means: 


a. External feedback (amplitude-related and/or phase-related external feedback means terminating 
in a signal-control winding or special feedback winding). : 
b. Internal feedback (by rectifiers in series with load windings). 


Off-resonant and ferroresonant means. 
Frequency-discriminating means. 


promo an 


incremental permeability variations. 


Unidirectional bias magnetomotive force of fixed magnitude. 
A-c bias magnetomotive force at fundamental or harmonic of power supply (carrier) frequency. 


Additional co-operative waveform distorting means. 
Ultra-carrier frequency means for reduction of hysteresis effects, and to increase the range of 


II. Frequency Changers (including peaked-wave forming devices): 


A. Saturating reactors with and without d-c bias. 


B. Saturating transformers with and without d-c bias. 


Ill. 
A. Saturating reactors with and without d-c bias. 


Other Devices (including special voltage regulators, phase shifters, ‘‘rectifiers,” et cetera): 


B. Saturating transformers with and without d-c bias. 
C. Saturating and nonsaturating differential transformers. 
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the amplifier characteristics. All patents 
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amplifier art are indicated by an asterisk 
(*) immediately following the reference 
number, 

Table II, shown on pages 2118-20, en- 
titled Significant Patents to Magnetic 
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page 2121 the name of each of the authors 
is listed, with the reference number or 
numbers. 


1887 


1, Notes on ELECTRICITY AND MAGNETISM— 
Ill. ON THE BEHAVIOR OF IRON AND STEEL 
UNDER THE OPERATION OF FEEBLE MAGNETIC 
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tion at the AIEE Fall General Meeting, Cleveland, 
Ohio, October 22-26, 1951. Manuscript submitted 
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21, 1918 (M/A Class II,B). 
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Crecuirs, A. Boyajian. General Electric Review, 
volume 34, 1931, pages 531-37, 745-51. 


119. PRorecrive REGULATING MEANS FOR ALTER- 
NATING CURRENT RECTIFIER, W. W. Brown. 
United States patent 1,808,522, June 2, 1931 
(M/A Class I,A,1). 


120. Evecrricat TRANSLATING Apparatus, P. 
H. Dowling. United States patent 1,788,152, 
January 6, 1931 (M/A Class I,A,1,c,e,f). 


121*, ELrcrricaL TRANSLATING APPARATUS, P. 
H. Dowling. United States patent 1,793,213, 
February 17, 1931 (M/A Class I,B”,3). 


122. ELECTRICAL TRANSLATING APPARATUS, P, 
H. Dowling. United States patent 1,812,202, 
June 30, 1931 (M/A Class I,A,1,c,e,f). 


123*, ELecrricaAL TRANSLATING Apparatus, P. 
H. Dowling. United States patent 1,835,209, 
December 1931 (M/A Class I,A,1,4). 
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124, EvrcrricaL Recuvator, A. S, FitzGerald. 
United States patent 1,824,714, September 22, 
1931 (M/A Class I,A,1). 


125. AppaARATUS FOR MEASURING DrrecT CurR- 
rents, A. S. FitzGerald. United States patent 
1,825,514, September 29, 1931 (M/A Class I,A,3). 


126. HricH Power Rectrirrer System, L. A. 
Gebhard. United States patent 1,822,618, Septem- 
ber 8, 1931 (M/A Class I,A,1). 


127. ARRANGEMENT FOR SWITCHING IN THE HicH 
FREQUENCY MACHINE TO FREQUENCY TRANS- 
FORMERS, R. Herzog. United States patent 1,830,- 
758, November 10, 1931 (M/A Class II,A). 


128. Evecrrirc CoNnTROLLING APPARATUS, H. K. 
Kouyoumjian. United States patent 1,812,299, 
June 30, 1931 (M/A Class I,B’,1,a; III,B). 


129. Evecrric Controiiinc Apparatus, H. K. 
Kouyoumjian. United States patent 1,828,054, 
October 20, 1931 (M/A Class I,A,1,3). 


130. Exvecrric ConTROLLING Apparatus, H. K. 
Kouyoumjian. United States patent 1,835,115, 
December 8, 1931 (M/A Class I,B’,1). 


131. ELecrricaAL TRANSLATING APPARATUS, F. W. 
Lee. United States patent 1,797,268, March 24, 
1931 (M/A Class I,B”,1). 


132. Tron-Core Static FREQUENCY CHANGER, 
N. E. Lindenblad. United States patent 1,787,948, 
January 6, 1931 (M/A Class II,A). 


133. Evecrric CoNTROLLING Apparatus, V. L. 
Osgood. United States patent 1,834,416, Decem- 
ber 1, 1931 (M/A Class I,A,1). 


134. Wave MopvuLaTiIoN AND APPLICATION 
THEREOF, E. Peterson. United States patent 
1,810,326, June 16, 1931 (M/A Class I,A,1,c,e,h). 


135*. ELecrricaAL TRANSLATING APPARATUS, A. J. 
Sorensen. United States patent 1,824,577, 
September 22, 1931 (M/A Class I,A,3,c,f). 


136. Srupres 1n Non-Linear Circuits, C. G, 
Suits. AIEE Transactions, volume 50, June 1931, 
pages 724-36. 


137. EvrcrricaAL REGULATOR AND REGULATING 
System, L. W. Thompson. United States patent 
1,836,886, December 15, 1931 (M/A Class I,A,1). 


138. BaLcancre Com OR REACTOR FOR PARALLEL- 
ING TRANSFORMERS, E. C. Wentz. Electric Journal, 
volume 28, September 1931. 


139. Drrecr CuRRENT CONTROLLED REACTOR, 
E. C. Wentz. Electric Journal, volume 28, October 
1931, pages 561-63. 
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140. VoLtTace-REGULATING AUTO-TRANSFORMER, 
F. Bedell, J. Kuhn. Review of Scientific Instru- 
ments, January 1932, pages 20-23. 


141. ComsBrinaTrion ELECTRICAL REGULATOR, T. 
A. E. Belt. United States patent 1,849,820, March 
15, 1932\(M/A Class I,B”,1). 


142. Evecrricat ReGuLaTor, A. Boyajian, E. V. 
DeBlieux. United States patent 1,870,093, August 
2, 1932 (M/A Class I,A,1,e). 


143. Zero CorreEcTiING Circuit, E. T. Burton. 
United States patent 1,858,037, May 10, 1932 
(M/A Class III,B). 


144. Exvecrricar Crrcurr Recuvator, B. A. 
Case. United States patent 1,874,240, August 30. 
1932 (M/A Class I,A,1). 


145. VoLtTaAGE REGULATOR FOR RADIO TRANS- 
MITTERS, R. L. Davis. United States patent 
1,839,869, January 5, 1932 (M/A Class I,A,1). 


146*. ExLecrricAL TRANSLATING APPARATUS, P. 
H. Dowling. United States patent 1,842,392, 
January 26, 1932 (M/A Class I,A,1,4,d). | 


147*, ELecrricaAL TRANSLATING Apparatus, P. 
H. Dowling. United States patent 1,862,211, June 
7, 1932 (M/A Class I,A,1,a,e). 


148*. ELecrricaL TRANSLATING APPARATUS, P. 
H. Dowling. United States patent 1,862,212, 
June 7, 1932 (M/A Class I,B’,i;4,d,e). 


149*, ELecrricaL TRANSLATING APPARATUS, P. 
H. Dowling. United States patent 1,878,764, 
September 20, 1932 (M/A Class I,A,1,4,a,¢,e). 


150*. ELecrricaL TRANSLATING APPARATUS, | P, 


H. Dowling. United States patent 1,891,044, 
December 13, 1932 (M/A Class 1,B’,1,4,a,d). 
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151. ELEcrricaL REGULATING Apparatus, R. M. 
Gilson. United States patent 1,865,562, July 5, 
1932 (M/A Class I,A,1). 


152. ELECTRICAL TRANSLATING APPARATUS, F. W. 
Lee. United States patent 1,855,639, April 26. 
1932, Reissued as United States patent Re, 
19,129, April 3, 1934. 


153. EvLectricaL FREQUENCY CHANGER, O. P. 
McCarty, A. Boyajian. United States patent 
1,875,250, August 30, 1932 (M/A Class I1,A,B). 


154. RECTIFICATION oF ALTERNATING CURRENTS, 
K. B. McEachron. United States patent 1,857,160, 
May 10, 1932 (M/A Class III,A). 


155*.. Macnetic Wave-AmPLIFYING REPEATER, 
E. Peterson. United States patent 1,884,844, 
October 25, 1932 (M/A Class I,C,1,f). 


156*. Macnertic AmpLiFier, E. Peterson. United 
States patent 1,884,845, October 25, 1932 (M/A 
Class ‘I,C,1,f). 


157. CONTROLLER FOR Evectric Morors, E. V. 
Seegar. United States patent 1,848,847, March 8, 
1932 (M/A Class I,A,1). 


158. Merasurinc Core Loss at HiGH DENSITIES, 
B. M. Smith, C. Concordia. Electrical Engineering, 
January 1932, pages 36-38. 


159. EvecrricaL TRANSLATING APPARATUS, A. J. 
Sorensen, P. H. Dowling. United States patent 
1,862,203, June 7, 1932 (M/A Class I,A,2,3,c,f). 


160*. EvErcrricaL TRANSLATING APPARATUS, A. J. 
Sorensen. United States patent 1,862,204, June 7, 
1932 (M/A Class I,A,4,a,d). 


161. Motor Contro, System, H. M. Stoller. 
United States patent 1,849,646, March 15, 1932 
(M/A Class I,A,1). 


162. FrLasuinc Licuts WitHout Movine Parts, 
C. G. Suits. Electrical World, volume 99, June 
1932, pages 1098-99, and volume 101, March 1933, 
page 321. 


163. OscrtLaTion GerNERATOR, C. G. Suits. 
United States patent 1,877,703, September 13, 
1932 (M/A Class II,A). 


164. ContTRoL oF CONSTANT CURRENT CIRCUITS, 
C. G. Suits. United States patent 1,885,155, 
November 1, 1932 (M/A Classes I,A,1; II,A). 


165. EvrcrricAL REGULATING Means, L. W. 
Thompson. United States patent 1,843,745, 
February 2, 1932 (M/A Class I,A,B’,1,4). 


166. Evecrricat Controt System, L. W- 
Thompson United States patent 1,844,704, 
February 9, 1932 (M/A Class I,A,3). 


167. EvecrricaL REGULATING Means, L. W. 
Thompson. United States patent 1,878,350, 
September 20, 1932 (M/A Class I,A,1,e). 


168. Battery CHARGING ApparRATus, K. T. 
Williamson, O.1I. Seaverson. United States patent 
1,861,516, June 7, 1932 (M/A Class I,A,1). 


169*, Exvecrric Recuvator, M, Zucker. United 
States Patent 1,851,692, March 29, 1932 (M/A 
Class I,A,3). 


1933 


170. Automatic Rattway BLock SIGNALLING 
System, H. D. Abernethy. United States patent 
1,936,705, November 28, 1933 (M/A Class I,A,1). 


171. Evecrricat Contror System, W. H. Arken- 
burgh. United States patent 1,902,485, March 21, 
1933 (M/A Class I,A,1). 


172. MEANS FOR VOLTAGE REGULATION IN 
ALTERNATING CURRENT Suppuigs, R. I. Bagnall. 
United States patent 1,896,995, February 7, 1933 
(M/A Class III,A). 


173. PuHase Surirrinc Circuits, B. D. Bedford. 
United States patent 1,918,173, July 11, 1933 
(M/A Class II,B). 


74. FREQUENCY CHANGER System, E. T. Burton. 
‘nited States patent 1,917,921, July 11, 1933 
(M/A Class II,B). 


175. Evecrric Wave TRANSMISSION SYSTEM, 
E. T. Burton. United States patent 1,936,153, 
November 21, 1933 (M/A Class IJ,A,B). 


176*. ELrctricAL TRANSLATING APPARATUS, P. 
H. Dowling. United States patent 1,910,381, 
May 23, 1933 (M/A Class I,A,4). 


177. RecTiFIeER AND REACTANCE COMBINATIONS 
Propuce INTERESTING NON-LINEAR CIRCUITS. 
Power Plant Engineering, volume 37, May 1933, 
pages 219-20. 
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178. Evectric TRANSLATION Circuits, A. S. 
FitzGerald. United States patent 1,893,766, 
January 10, 1933 (M/A Class I,A,1,4). 


179. Evecrric Recuvator, A. S, FitzGerald, 
F. L. Gaines. United States patent 1,893,767, 
January 10, 1933 (M/A Class I,A,1,3,c). 


180. Evecrric RercuLator, A. S. FitzGerald. 
United States patent 1,893,768, January 10, 1933 
(M/A Class I,A,3). 


181*, Exvecrric Controt System, A. S. Fitz- 
Gerald. United States patent 1,914,201, June 13, 
1933 (M/A Class I,A,1,4). 


182. Exercistnc Apparatus, A. S. FitzGerald. 
United States patent 1,919,627, July 25, 1933 
(M/A Class I,A,3). 


183. Evecrric FAULT RESPONSIVE APPARATUS, 
A. S. FitzGerald. United States patent 1,929,059, 
October 3, 1933 (M/A Classes I,A,1; II,B). 


184. Battery CHARGING ReEGuLATION, R. M. 
Gilson. United States patent 1,916,307, July 4, 
1933 (M/A Class I,A,1). 


185. Evecrric REGULATING System, R. C. 
Griffith. United States patent 1,926,280, Septem- 
ber 12, 1933 (M/A Class I,A,3,e). 


186. Nerw DEVELOPMENTS IN SYNCHRONOUS 
Moror Contro., M. N. Halberg. General Electric 
Review, volume 36, May 1933, pages 244-49. 


187. METHOD OF AND APPARATUS FOR CONTROL- 
LING Evectrric Circuits, R. B. Hunter. United 
States patent 1,931,799, October 24, 1933 (M/A 
Class I,A,1). 


188. Moror Starter, B. W. Jones. United 
States patent 1,905,720, April 25, 1933 (M/A Class 
I,A,1). 


189. Exvecrric ConTroLyinc Apparatus, H. K- 
Kouyoumjian. United States patent 1,896,316, 
February 7, 1933 (M/A Class III,B). 


190, PRINCIPLES oF RADIO COMMUNICATIONS 
(book), J. H. Morecroft. John Wiley and Sons, 
Inc., New York, N. Y., 1933, page 752. 


191*. ContTrot SySTEM FOR ALTERNATING CoR- 
RENT Morors, B. V. Nagashev. United States 
patent 1,920,803, August 1, 1933 (M/A Class 
I,A,3). 


192*, VaRIABLE REACTANCE Device, A. Schmidt, 
Jr. United States patent 1,921,703, August 8, 
1933 (M/A Class I,A,1). 


193. Evecrric VALVE Circuits, A. Schmidt, Jr. 
United States patent 1,935,460, November 14, 
1933 (M/A Class III,A). 


194. AN IDENTIFICATION TAG FOR THE AIRPORT, 
W. P. Simpson. General Electric Review, volume 
36, July 1933, pages 326-27. 


195. Vortace CompensarTor, J. G. Sola. United 
States patent 1,893,251, January 3, 1933 (M/A 
Class III,B). 


196*, ELrcrricaL TRANSLATING APPARATUS, A. J. 
Sorensen, P. H. Dowling. United States patent 
1,914,220, June 13, 1933 (M/A Class I,A,B’, 
2,3,4,c¢,e). 


197. NoniinearR Circuits APPLIED TO RELAYS, 
C. G. Suits. Electrical Engineering, volume 52, 
April 1933, pages 244-46. 


198. NonirearR Circuit, C. G. Suits. United 
States patent 1,921,786, August 8, 1933. Re- 
issued as United States patent Re. 20,317, March 
30, 1937, which see. 


199. PuLsaTIon Apparatus, C. G. Suits. United 
States patent 1,921,787, August 8, 1933 (M/A 
Class II,A). 


200. Evecrric Contrrot System, C. G. Suits. 
United States patent 1,921,788, August 8, 1933 
(M/A Class III,A). 


201. Exvecrricat Time DeLay Apparatus, C. G. 
Suits. United States patent 1,940,335, December 
19, 1933 (M/A Class I,A,1,a). 


202. MATHEMATICAL EXPRESSION OF A SATURA- 
TION Curve, C. M. Summers. General Electric 
Review, volume 36, April 1933, pages 182-85. 


203. CURRENT-CONTROLLING APPARATUS, R. J. 
Wensley. United States patent 1,930,545, October 
17, 1933 (M/A Class I,A,1). 


1934 


204. Two AppricaTions oF Non-LIngeAR Crr- 
cuits, T. M. Austin, F. W. Cooper. Electrical 
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Engineering (AIEE Transactions), volume 53, 
February 1934, pages 293-300. 


205. Dry Recririer, F. Bauer, D. W. Kafka. 
United States patent 1,947,075, February 13, 1934 
(M/A Classes I,A,1; I,B’,1). 


206. Mortror-Controt Scueme, M. J. Brown. 
United States patent 1,955,322, April 17, 1934 
(M/A Class I,A,2,d). 


207. VoL_tTaGr REGULATION System, C., F. Cairns. 
United States patent 1,942,535, January 9, 1934 
(M/A Class III,B). 


208. Vorttace Recurator, G. B. Crouse, J. L. 
Jatlow. United States patent 1,952,974, March 
27, 1934 (M/A Class I,A,1). 


209. AuTromaTic RECLOSING CrRCcUIT BREAKER 
System, A. S. FitzGerald. United States patent 
1,944,072, January 16, 1934 (M/A Class I,A,3). 


210. Recuratinc System, A. S. FitzGerald. 
United States patent 1,948,372, February 20, 1934 
(M/A Class I,A,3). 


211. ELrcrrRoresponsive System, A. S. Fitz- 
Gerald. United States patent 1,980,395, November 
13, 1934 (M/A Classes I,A,4; 1,A,1,c). 


212. MutrieLe Circuit PRopoRTIONAL CONTROL 
System, A. S. FitzGerald. United States patent 
1,985,562, December 25, 1984 (M/A Class I,A,1,c). 


213. Evecrron Tuse Moror Conrtrot, F. H. 
Gullikson. Electronics, volume 7, June 1934, 
page 179. 


214. PERMEABILITY CHANGES IN FERROMAGNETIC 
MATERIALS—HEAT TREATED IN MAGNETIC FIELDS, 
G. A. Kelsall. Physics, volume 5, July 1934, pages 
169-72. 


215. SHuntT RESISTORS FOR Reactors—II, 
F. H. Kierstead, L. V. Bewley. Electrical Engineer- 
ing (AIEE Transactions), volume 53, March 1934, 
pages 411-18. 


216*. ELECTRICAL TRANSLATING APPARATUS, F. 
W. Lee. United States patent reissue Re. 19,129, 
April 3, 1934 (from original United States patent 
1,855,639, April 26, 1932) (M/A Class I,A,1,4). 


217. Execrric CONTROLLING APPARATUS, F. G. 
Logan. United States patent 1,963,093, June 19, 
1934 (M/A Class I,A,1,a). 


218. Evecrric Conrroiiinc Apparatus, F. G. 
Logan. United States patent 1,977,193, October 
16, 1934 (M/A Class I,A,1), 


219*, Exvecrric CONTROLLING APPARATUS, F. G. 
Logan. United States patent 1,981,921, November 
27, 1934 (M/A Class I,A,1,d). 


220. A New Kipp REGULATING Cort (in German), 
K. Maier. Elektrotechnische Zeitschrift, volume 55, 
1934, pages 1026-29. 


221. Execrric Moror, B. V. Nagashev. United 
States patent 1,969,520, August 7, 1934 (M/A 
Class I,A,1). 


222. MestTHoD oF PRODUCING AN UNSYMMETRICAL 
ALTERNATING VOLTAGE, O. Neiss. United States 
patent 1,968,346, July 31, 1934 (M/A Class III,B). 


223*. ReEcTIFIER SystEM, J. R. Power. United 
States patent 1,943,088, January 9, 1934 (M/A 
Class I,A,3,e). 


224. AN EXPERIMENTAL STUDY OF FERRO-RESO- 
NANCE (in French). E. Roulle. Revue Generale de 
VElectricite, volume 36, November 24, 1934, pages 
715-38; December 1, 1934, pages 763-80; Decem- 
ber 8, 1934, pages 795-819; December 15, 1934, 
pages 841-58. 


225. VoLTAGE REGULATION BY MEANS OF TRANS- 
FORMERS ExciTepD BY DirEcT CURRENT (in Ger- 
man), W. Scheuring. Elektrotechnik und Mas- 
chinenbau, volume 52, 1934, pages 326-28. 


226. ReGuLATED RecririerR Crrcuit, H. M. 
Stoller. United States patent 1,965,439, July 3, 
1934 (M/A Class I,A,3,a). 


227*. ConTrrot ApPpaARATUS FOR ALTERNATING 
CurrenT Circuits, C. G. Suits. United States 
patent 1,968,576, July 21, 1934 (M/A Class 
I1,A,1,4,a,e). 


228. Vortace RecuraTinc Apparatus, W. S. 
Werner. United States patent 1,967,108, July 17, 
1934 (M/A Class III,C). 


1935 
229. Vortace Recurator, R. O. Askey. United 


States patent 1,995,530, March 26, 1935 (M/A 
Class I,B’,1,4). 
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230. ALTERNATING FieLps AND Eppy CURRENTS 
In Sovip Iron at HroH MaAGnetic SATURATION, 
J. B. Barth. Elektroteknish Tidsskrift, volume 48, 
March 5, 1935, pages 85-87; and volume 48, March 
15, 1935, pages 98-99. 


Vatve CONVERTING SYSTEM, 
B. D. Bedford. United States patent 1,985,912, 
January 1,1935. Reissued as United States patent 
Re. 20,493, September 7, 1937. 


232. Evecrric VALVH TRANSLATING CIRCUIT, 
B. D. Bedford. United States patent 1,986,617, 
January 1, 1935 (M/A Class I1,B). 


233. Present Status or ELECTROMAGNETIC 
Tunory,R. M. Bozorth. Jlectrical Engineering 
(AIEE Transactions), volume 54, November 1935, 
pages 1251-61. 


234, Dersicn or SaTurABL# Cort REACTORS, 
M. J. Brown. Radio News, volume 16, March 
1935, pages 540-41. 


231, Hveerric 


235. AppLICATION oF ELECTRON TUBES IN 
Inpusrry, D. E. Chambers. Jlectrical Engineer- 
ing (AIEEE Transactions), volume 54, January 
1935, pages 82-92. 


236. Exvuerrica, Transmitrun, A. M, Cravath, 
United States patent 1,987,720, January 15, 1935 
(M/A Class 1,A,B/,1,c). 


237. MANS FOR CONTROLLING THE THRMLNAL 
Prussure or AN Evucrare Device, P. R. Dijketer- 
huis. United States patent 2,018,248, October 22, 
1935 (M/A Class I,A,1). 


238. Maometic ALtLtoys or Iron, NickkL AND 
Conart, G. W. Elmen, Electrical I:ngineering 
(AIEEE Transactions), volume 54, December 1945, 
pages 1292-99, 


229. Exwermrca, Ruouraron, A. A. Emmerling. 
United States patent 1,996,041, March 26, 1925 
(M/A Class I,A,1). 


240. Sirwernic Varvu Crecurr, A, S. FitzGerald. 
United States patent 1,988,271, January 15, 
1935 (M/A Class 1,A,1). 


241%. Exveerrie Conrror Sysrum, A. §S. Fitz- 
Gerald. United States patent 2,021,099, November 
12, 1935 (M/A Class 1,A,4). 


242*, AUTOMATIC REGULATING System, 
FitzGerald, United States patent 
December 31, 1935 (M/A Class J,A,3,4). 


243. Reouratror Syverum, L. L. Fountain. United 
States patent 2,015,556, September 24, 19235 (M/A 
Class 1,A,1). 


A, 6, 
2,026,124, 


244, Inpuction or D-C Saruras_e RrACTORS, 
V. D. Gussakov. Lleklrichestvoo, October 1935, 
pages 47-50. 


245. Furromaoneric Distortion or A Two- 
Frequency Wave, R, M, Kalb, W. R. Bennett. 
Bell System Technical Journal, volume 14, April 
1935, pages 322-59. 


246. Hystrerutic Mopuration, I anp II, R. M. 
Kalb, W. R. Bennett. ell Laboratories Record, 
volume 14, October 1935, pages 39-44, 


247%, Exrucrric Controuiine Arranatus, F, G. 
Logan. United States patent 1,986,112, January 1, 
1935 (M/A Class, I,A,1,4,). 


248", Exrucraice Controuine Appanatus, F. G. 
Logan. United States patent 1,997,179, April 9, 
1935 (M/A Class 1,A,1,b,d), 


249, Exvnereic Controtiine Arpanatus, F, G. 
Logan. United States patent 2,093,045, June 4, 
1935 (M/A Class 1,A,1,b,d). 


250. SUBHARMONICS IN ForciD OSCILLATIONS 1M 
Dissipative Syvsrums, P. O. Pederson. Journal, 
Acoustical Society of America, volume 6, April 6, 
1935, pages 227-28, and volume 7, July 7, 1935, 
pages 64-70. 


251, Ruourarup Ruerminn, J. R. Power, 
United States patent 2,000, 189, May 7, 1935 
(M/A Class 1,A,3,c). 


252. Pownuk Surety Svsrum, W. H. Reichard, 
United States patent 1,995,652, March 26, 1935 
(M/A Class 1,B’,1,d), 


253. RueGULATING Sygrum, O. Schmutz. United 
States patent 1,997,657, April 16, 1935 (M/A 
Class 1,A,2,c,d). 


254, Covine Arpanatus, W. P. Simpson, 
States patent 2,010,610, August 6, 
Class 1J,A). 


United 
1935 (M/A 


255. Motor Controrien, C. Stanebury. 
States patent 2,013,221, 
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United 
September 3, 1935. 


Reissued as United States patent Re. 19,853, 


February 11, 1936. 


256, Current REGULATION With THERMAL 
EL@MENTS AND MAonetic Ampiiriers (in German), 
M. Steenbeck, O. Schmutz. Siemens Zeitschrift, 
volume 15, 1935, pages 201-04. 


257, Vortace Reourator, H. M._ Stoller. 
United States patent 1,996,495, April 2, 1935 
(M/A Class 1,B’,1,4). 


258. Exnwerrrc Transvatine Circuit, C. G. 
Suits. United States patent 1,989,500, January 
29, 1935 (M/A Class I,A,1,d). 


259. Conrro, or CONSTANT CURRENT CIRCUITS, 
Cc. G. Suits. United States patent 2,006,970, 
July 2, 1935 (M/A Classes 1,A,1; II,A). 


260. Exvucrrie Pursarina Apparatus, C. G. 
Suits. United States patent 2,010,614, August 6, 
1935 (M/A Class II,A). 


261. ExvnerricaL Sysrim Provinine SeQuaence 
Opsration, C. G. Suits. United States patent 
2,011,880, August 13, 1985 (M/A Class I,A,1,a,e). 


262. Exvecrere Crecurr Controt Means, C. G. 


Suits. United States patent 2,021,753, November 
19, 1935 (M/A Class II,A). » 
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Circuit, A. H. B. Walker. United States patent 
2,177,556, October 24, 1989 (M/A Class I,A,1,e). 


406*, ConsTranr Vo.race System, H. E. Young. 
United States patent 2,154,020, April 11, 1939 
(M/A Classes I,A,1,4; 1,B’ ,1,4). 


1940 


407. Extecrric VaLve Crecurts, B. D. Bedford. 
United States patent 2,222, 700, November 26, 
1940 (M/A Class II,B). 


408. Power Converting Unit AND SYSTEM, 
T. F. Carmichael. United States patent 2,222,214, 
November 19, 1940 (M/A Class III ,»B). 


409. Conrro, System, W. T. Croden. United 
States patent reissue Re. 21,407, March 26, 1940. 
From original United States patent 2 ,086,120, 
July 6, 19387 (M/A Class I,A,1). 


410, Conrrot Device ror Recrirrers WitH 
lonizep Vapor, M. Demontvignier. United States 


2110, 


patent 2,190,353, February 13, 1940 (M/A Class 
II,A). 


411. Eveerrre Vatve Crrcuit, M. A. Edwards. 
United States patent 2,190,774, February 20, 1940 
(M/A Class I,A,1,e). 


412, Evrerric Varve Crrcurt, M. A. Edwards. 
United States patent 2,190,775, February 20, 
1940 (M/A Class II,A). 


413. Frequency Comprnsator, M. A. Edward, 
R. W. Porter. United States patent 2,194,299, 
March 19, 1940 (M/A Class IT,A). 


414, Conrrot System, M. A. Edwards. United 
States patent 2,210,805, August 6, 1940 (M/A 
Class I,A,1). 


415. FUNDAMENTALS OF THE MaGnetic AMPLI- 
FIER FOR MEASUREMENT AND CONTROL, W. 
Geyger. Wissenschaftliche Veroffentlichungen aus 
dem Siemens-Konzern, volume 19, November 
1940, pages 226-69, 


416, ReoistRATION ConrRot System, F, H. 
Gulliksen. United States patent 2,208,420, July 
16, 1940 (M/A Classes I,A,3; II,B). 


417. Drreer CURRENT REGULATED PETERSEN 
Corts (in German), W. W. Gusew. Elektrotech- 
nische Zeitschrift, volume 61, 1940, pages 916-17. 
Also Elektricheskie Stantsii, 1940. 


418*, Rarway SIGNALLING Apparatus, C. M. 
Hines. United States patent 2,215,820, September 
24, 1940 (M/A Class I,B”,1,a,c). 


419*, Evecrricar Switcurnc Device, F. A. 
Hubbard. United States patent 2,218,711, October 
22, 1940 (M/A Class I,B”,1,c). 


420, Rercrrrer Crrcuits, H. Klemperer. United 
States patent 2,206,701, July 2, 1940 (M/A Class 
II,B). 


421. Tue TRANSDUCTOR OR Drrect-CURRENT 
MAGNETIZED ReractoR—A STATIC RELAY AND 
REGULATING Device (in Swedish), A. U. Lamm. 
Elektroteknisk Tidsskrift, volume 59, 1940, pages 
97-107. 


422. Tur TRANSpucTOR, A REVIVED MEMBER OF 
THE ELECTRICAL APPARATUS FamiLy (in Swedish), 
A. U. Lamm. Teknisk Tidsskrift, volume 70, 1940, 
pages 189-93. 


423. Ture TRANSDUCTOR AND ITS APPLICATIONS 
(in French), A. U. Lamm, L. Vellard. Revue 
Generale de l’Electricite, volume 47, 1940, pages 
373-89. 


424. COMPRESSED POWDERED 
PERMALLOY FOR HiGcH QuvuatLity INDUCTANCE 
Corrs, V. E. Legg, F. J. Given. Bell System 
Technical Journal, volume 19, 1940, page 385. 


MOLYBDENUM 


425. Evecrrica, Contrro, System, L. C. Lud- 
brok. United States patent 2,213,882, September 
3, 1940 (M/A Class I,A,1,b). 


426. Arc WevpINGc System, H. L. Mills. United 
States patent 2,200,632, May 14, 1940 (M/A Class 
I,A,1). 


427. Evecrric VALVE CONVERTING SYSTEM, 
M. M. Morack. United States patent 2,202,711, 
May 28, 1940 (M/A Classes I,A,1; III,A). 


428. STarTine Crrcurir ror Evectric VALVE 
Apparatus, E. E. Moyer. United States patent 
2,190,799, February 20, 1940 (M/A Class III,A). 


429*, Raitway SIGNALLING AppaARATUS, B. E. 
O’Hagan. United States patent 2,215,821, 
September 24, 1940 (M/A Class I,B”,1,2,c). 


430*. RarLtway SIGNALLING Apparatus, B. E. 
O’Hagan. United States patent 2,215,822, Septem- 
ber 24, 1940 (M/A Class I,B”,1,c). 


431*, Rarmway Trarric CONTROLLING APPARA- 
tus, B, E. O’Hagan. United States patent 2,215,- 
823, September 24, 1940 (M/A Class I,B”,1). 


432. Raiwway Track Crrcurr AppaARATus, B. E. 
O'Hagan. United States patent 2,215,910, Septem- 
ber 24, 1940 (M/A Class I1,A,B). 


433. Raitway SIGNALLING Apparatus, B. E. 
O’Hagan. United States patent 2,216,623, October 
1, 1940 (M/A Class I,A,1). 


434. Exvecrric Crrcurr, R. M. Partington. 
United States patent 2,202,715, May 28, 1940 
(M/A Class III,B). 


435. SystTeM or EvecrricaL DisrripuTion, A. 
Schmidt, Jr. United States patent 2,193,649, 
March 12, 1940 (M/A Class II,B), 

436. GENERATOR 


VoLTAGE REGULATOR, O. 
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Schmutz. United States patent 2,217,457, October 
8, 1940 (M/A Class I,A,1,e). 


437*, APPARATUS FOR THE PRODUCTION O01 
Exvecrric Oscitvatrions, S. A. Stevens, A. H. 
Walker. United States patent 2,222,048, Novem- 
ber 19, 1940 (M/A Classes I,A,1; I1,A). 


438. DETERMINATION OF MAGNETIC a a 
iry aT 100 Mecacycres PER SEeconpD, M. J. 
Strutt. Physica, volume 7, 1940, pages 635-54. 


439. Converter System, P. J. Walsh. United 
States patent 2,199,121, April 30, 1940 (M/A 
Class III,A). 


(M/A Class I,A,1). 


441. Evectric Fence, C. H. Willis. Unit | 
States patent 2,196,046, April 2, 1940 (M/A 
Class I1,A). 


1941 


442. Evecrric VALVE Circuits, E. F. W. Alera 
anderson, A. H. Mittag. United States patent — 
2,248,600, July 8, 1941 (M/A Class II,A). a 


443. MertTuop AND A Device FOR DETERMINING ~ 
THE MAGNITUDES OF MaGneTic Fietps, G. Barth, — 
United States patent 2,252,059, August 12, 1941 
(M/A Class I,A,B’,1,3,a,c,e). | 


444. ELecrron DrscHarGE APPARATUS, A, En 
Bowen. United States patent 2,230,558, Februar 
4, 1941 (M/A Class I,A,B’,1,d). 


4 
445. Cope RESPONSIVE CONTROL APPARATUS, — 
C. C. Buchanan. United States patent 2,230,860, 
February 4, 1941 (M/A Class I,A,1,c). bod 


446. Conrrox System, D. E. Chambers. United 
States patent 2,267,395, December 23, 1941 (M/A — 
Class I,A,1,a,e). q 


447, Exvecrric Contror Circuit, M. A. Edwards, 
United States patent 2,262,491, November 1 


1941 (M/A Class II,B). i 


448. VoLttacE RecuLator, O. Fisenschmid. 
United States patent 2,261,676, November 4, 
1941 (M/A Class I,A,1). ‘ 


449. RecTIFIER FILTER, J. L. Finch, G. L. Ussel- 
man. United States patent 2,242,881, May 20m 
1941 (M/A Class I,A,1). 


450. EXPERIMENTAL INVESTIGATIONS OF Mac: 
NETIC AMPLIFIERS FOR MEASUREMENT AND CON= 
TROL Purposes (in German), W. Geyger. Waissen- 
schaftliche Veroffentlichungen aus dem Siemens- 
Konzern, volume 20, 1941, pages 253-67. 


451. MaGNeTIc AMPLIFIERS FOR MEASURING AND 
Controt Trecunigue, W. Geyger. Elektrotech- 
nische Zeitschrift, volume 62, October 23, 1941, 
page 849, and November 6, 1941, page 891, also 
Wireless Engineer, Abstract 1135, and Electrical 
Engineering Abstracts, Section B of Science Ab- 
stracts, number 1851, 1946. 


452. AppLICATION OF MAGNETIC AMPLIFIERS TO 
THE CONTROL AND AUTOMATIC REGULATION OF 
FuRNACE TEMPERATURES, H. E. Giroz. Bulletin; 
Societe Francaise des Electriciens, volume 1, 
August to October 1941, page 459, also Electrical 
Engineering Abstracts, Section B ay Science Als 
stracts, number 2369, 1946. : 

y 


453. REVERSING CONTROL FOR ALTERNATING 
Current Morors, F. H. Gulliksen. United 
States patent 2,228,078, January 7, 1941 (M/A 
Class I,A,1). 


454. ELEecrricAL REGULATING APPARATUS, L. K. 
Hedding, P. S. Johnson. United States patent 
2,253,705, August 26, 1941 (M/A Class I,A,B”,1,e). 


455. Grip Contrrot System, B. Heller, J. Ibl. 
United States patent 2,231,670, February 11, 1941 
(M/A Class III,A,C). 


456. Evecrric VALVE CONVERTING SysTeEM, C. C. 
Herskind. United States patent 2,246,173, June 
17, 1941 (M/A Class II,B). 


457. Exvecrric VALVE Crrcuir, O. Ww. Living- | 
stone. United States patent 2,250,961, July 29, 
1941 (M/A Class II,A). 


458*,. Evectric CONTROLLING APPARATUS, F. G, 
Logan. United States patent 2,259,647, October — 
21, 1941 (M/A Classes I,A,1,d; I,A, 3 yd). 


459. ENERGY TRANSLATING APPARATUS, S. P. 
Sashoff. United States patent 2,253,351, August — 
19, 1941 (M/A Class I,A,B’,1,3). 


460. Porarizep Iron-Corz CHOKES FOR REGU- 
LATING CrRcuits (in German), W. Schilling 


% 


AIEE TRANSACTIONS» 


Elektrotechnik und Maschinenbau, volume 59, 
August 29, 1941, also Wireless Engineer, Abstract 
428, 1944, 


461. TEMPERATURE ConTROL SystEeM, E. D. 
Schneider, A. R. Ryan. United States patent 
2,266,569, December 16, 1941 (M/A Class I,A,1). 


462. WexLpinc System, D. B. Scott. United 
States patent 2,265,930, December 9, 1941 (M/A 
Classes I,A,1;_ III,A). 


463. VARIABLE VOLTAGE TRANSFORMER, C. P, 
Sweeney. United States patent 2,227,468, January 
7, 1941 (M/A Class I,B’,1). 


464. Reactor, P. A. Vance. United States 
patent 2,253,962, August 26, 1941 (M/A Class 
1,A,1). 


465. ARRANGEMENT FOR CONTROLLING THE VOLT- 
AGE OF ALTERNATING CURRENT CrrcuilTs, O. 
Werner. United States patent 2,229,950, January 
28, 1941 (M/A Class I,A,1,b,d). 


466*, Macnetic AmpuiFier, A. L. Whitely, L. C. 
Ludbrook. United States patent 2,229,952, 
January 28, 1941 (M/A Classes I,A,1,b; 1I,A,2). 


467. Wounp Motor Rotor Controt, W. R,. 
Wickerham. United States patent 2,238,613, 
April 15, 1941 (M/A Class I,A,1,c). 


1942 


468. AIEE Sranparp DEFINITIONS oF ELEC- 
TRICAL TERMS (book). AIEE, 1942. 


469. Power Amp.irieR, G. Barth. United 
States patent 2,287,755, June 23, 1942 (M/A Class 
1,A,1,a). 


470. SprEep RESPONSIVE Device, C. E. Baston. 
United States patent 2,289,171, July 7, 1942 (M/A 
Class III,C). 


471. Vapor Exvecrric Device, W. B. Batten. 
United States patent 2,285,556, June 9, 1942 
(M/A Class III,B). 


472. 
States patent 2,284,794, June 2, 
Classes I,A,1; II,A). 


473. Evectric Circuit, B. D. Bedford. United 
States patent 2,289,090, July 7, 1942 (M/A Class 
111,B). 


Evecrric Circuits, B. D. Bedford. United 
1942 (M/A 


474. Drrect-CurRENT PovarizEp A-C CHOKE 


Coits AND THEIR FEEDBACK (in German), T. 
Buchhold. Archiv fur Elektrotechnik, volume 36, 
April 30, 1942, pages 221-38, 514, also translation, 
H. B. Rex. Instruments, volume 20, December 
1947, pages 1102-09, and Wireless Engineer, 
Abstract 3547, 1946. 


475. AuToMaTIC VOLTAGE AND CURRENT REGU- 
LATING Device, P. H. E. Claesson. United States 
patent 2,306,998, December 29, 1942 (M/A Class 
I,A,B,B”,1,2,a). 


476. Evecrricat Controi System, A. S. Fitz- 
Gerald. United States patent 2,277,849, March 
31, 1942 (M/A Class I,A,1,2,a,c). 


477. CoNnTROL APPARATUS FOR ELECTRICAL CrR- 
cuits, W. J. Garlick. United States patent 
2,292,514, August 11, 1942 (M/A Class II,B). 


478. EXPERIMENTAL INVESTIGATIONS ON Mac- 
NETIC AMPLIFIERS FOR MEASURING AND CONTROL 
TECHNIQUE, W. Geyger. Wissenschaflliche Verof- 
fentlichungen aus dem Siemens-Konzern, volume 20, 
1942, page 33, also Wireless Engineer, Abstract 123, 
1943, 


479. A Nutt Current MAGNETIC AMPLIFIER OF 
HicuH SENSITIVITY FOR MEASUREMENT AND REGU- 
LATION Purposes, W. Geyger. Waissenschafltliche 
Veroffentlichungen aus dem Siemens-Konzern, vol- 
ume 21, 1942, page 187, also Electrical Engineering 
Abstracts, Section B of Science Abstracts, number 
2343, 1946. 


480. EvaLUATION OF HARMONICS IN CHOKE 
Corrs MaGnetTizep By Direct CuRRENT (in 
German), W. Hartel. Archiv fur Elektrotechnik, 
volume 36, 1942, pages 556-72. 


481. EvectrricaL Mrasurine Apparatus, C. M. 
Hathaway. United States patent 2,272,772, 
February 10, 1942 (M/A Class I,A,1,b,c). 


482. ELrEcrricaAL REGULATING APPARATUS, L. K. 
Hedding. United States patent 2,282,471, May 12, 
1942 (M/A Class I,A,1). 


483. MEANS FOR CHARGING ELECTRIC BATTERIES, 
‘R. S. Hinds, A. Mandl. United States patent 
2,272,745, February 10, 1942 (M/A Class I,A,1). 
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484. Raitway SIGNALLING Apparatus, C. M. 
Hines. United States patent 2,297,148, Septem- 
ber 29, 1942 (M/A Class I,B”,1,c). 


485. Sratic Frequency CHancer, H. M. Huge. 
United States patent 2,274,925, March 3, 1942 
(M/A Class II,B). 


486. Moror Startinc Apparatus, F. G. Logan. 
United States patent 2,299,911, October 27, 1942 
(M/A Class I,A,1). 


487. ELECTRICAL FREQUENCY CHANGER, J. M. 
Manley. United States patent 2,272,246, February 
10, 1942 (M/A Class II,A). 


488. Evecrric Vatve Circuits, E. E. Moyer. 
United States patent 2,273,586, February 17, 
1942 (M/A Class I,A,3,a,c). 


489. REGULATING Apparatus, L. R. Runaldue. 
United States patent 2,278,151, March 31, 1942 
(M/A Class I,A,1,a,c,d,e). 


490. Conrtrot System, E. D. Schneider. United 
States patent 2,285,172, June 2, 1942 (M/A Class 
TA): 


491. EvecrricaL REGULATING Apparatus, C. M, 
Summers. United States patent 2,272,755, Febru- 
ary 10, 1942 (M/A Class II,A). 


492. ReGuULATING AppaRATuS, C. M. Summers. 
United States patent 2,272,756, February 10, 1942 
(M/A Class I,A,1,a,e). 


/ 


1943 
493. B-H Curve TRACER FOR’ LAMINATION 
Sampves, R. Adler. Electronics, volume 16, 


November 1943, page 128. 


494, REGULATION OF THE AMPLIFICATION OF 
Bi-DirREecTIONAL ALTERNATING CURRENTS’ BY 
MEANS OF SATURABLE REACTORS POLARIZED BY 


DrrREcT CURRENT MAGNETIZATION, Allmanna 
Svenska Elektriska Aktiebolaget. Switzerland 
patent 228,082, October 16, 1948 (M/A Class 
I,A,1,a). 

495. ELEcrRIcAL ConTRoL System, R. OD. 
Amsden. United States patent 2,334,528, Novem- 


ber 16, 1943 (M/A Class I,A,1). 


496. Evecrric CONTROLLING APPARATUS, R. A. 
Andrews. United States patent 2,309,156, January 
26, 1943 (M/A Class I,A,1,a,b). 


497. ON THE THEORY OF MAGNETIC AMPLIFIERS, 
T. Buchhold. Archiv fur Elektrotechnik, volume 37, 
1943, pages 197-211, also Wireless Engineer, 
Abstract 55, 1944, and Electrical Engineering Ab- 
stracts, Section B of Science Abstracts, number 1599, 
1945. 


498. Evecrric Circuit, M. A. Edwards. United 
States patent 2,313,526, March 9, 1943 (M/A 
Classes I,B’,1; II,A). 


499. A HicH Sewnsitiviry Macnetic NUvLL- 
Circuir AMPLIFIER FOR MEASURING AND CONTROL 
TECHNIQUE, W. Geyger. Wissenschaftliche Verof- 
fentlichungen aus dem Siemens-Konzern, volume 21, 
1943, page 47. 


500. Static FREQUENCY CHANGING SYSTEM, 
A. B. Haines. United States patent 2,309,586, 
January 26, 1943 (M/A Class II,A). 


501. CHARACTERISTICS AND APPLICATIONS OF 
SELENIUM-RECTIFIER CELLS, E. A. Harty. AIEE 
Transactions, volume 62, October 1943, pages 624— 
29. | 


502. Vourace REGULATING Apparatus, L. K. 
Hedding. United States patent 2,316,331, April 
13, 1943 (M/A Class I,A,B”,1,g). 


503. ELpecrricaL REGULATING APPARATUS, L. K. 
Hedding. United States patent 2,322,130, June 
15, 1943 (M/A Class I,A,1). 


504. ELrctric VALVE TRANSLATING APPARATUS, 
C. C. Herskind. United States patent 2,335,673, 
November 30, 1943 (M/A Class II,B). 


505*. System or MEASUREMENT AND/OR CON- 
trot, A. J. Hornfeck. United States patent 
2,310,955, February 16, 1943 (M/A Class I,A, 
1,2,3,a,c,e). 

506. Non-Lingar Inpucrance, H. M. Huge. 
United States patent 2,329,537, September 14, 
1943 (M/A Class II,A). 


507. Constant CURRENT TRANSFORMER, R. A. S, 
Johnson. United States patent 2,312,416, March 
2, 1943 (M/A Class I,B’,1). 


508. Tue Transpucror, D-C PrRE-SATURATED 
REACTOR WITH SPECIAL REFERENCE TO TRANS- 
puctor ConTROL or Rectifiers, A. U. Lamm. 
Esselte Arktiebolag, Stockholm, Sweden, 1943, also 
Acta Polytechnica, Second Edition (book), Academy 
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of Engineering Science (Stockholm, Sweden), May 
1948. 


509. Direct CurRRENT SATURATED INDUCTANCE 
WirH Revay Action, A. U. Lamm. United States 
patent 2,337,253, December 21, 1943. Reissued 
as United States patent Re. 22,768, June 25, 1946. 


510. DC/AC Converter, T. A. Ledward. 
Wireless World, volume 48, August 1943, page 230. 


511. ELecrroMaGNeTic INDUCTANCE APPARATUS, 
H. J. McCreary. United States patent 2,324,634, 
July 20, 1943 (M/A Classes I,A,l,c; II,B). 


512. ReGULATBD RectirierR, L. E. Milarta, 
United States patent 2,331,411, October 12, 1943 
(M/A Class I,A,1). 


513. Evecrric REGULATING Crrcurt, E. E. Moyer. 
United States patent 2,331,131, 1943 (M/A Class 
I,A,1). 


514. Vapor-Evectric Device, H. C. Myers. 
United States patent 2,318,091, May 4, 1943 (M/A 
Classes I,A,1; II,A). 


515. Wave GENERATING SySTEM, E. Peterson, 
United States patent 2,317,482, April 27, 1943 
(M/A Class II,A). 


516. Exvecrries Vatve Crrcurt, A. R. Ryan. 
United States patent 2,331,731, October 12, 1943 
(M/A Class I,A,1,g). 


517. MacGNnesyN REMOTE READING COMPASS, 
D. W. Smith. Aeronautical Engineering Review, 
volume 2, May 1943, pages 31-36, 


518. Batrery-CHarcinc System, I. R. Smith. 
United States patent 2,333,617, November 2, 
1943 (M/A Class I,A,1). 


519. ELECTROMAGNETIC SysTEM, P. J. Walsh. 
United States patent 2,329,021, September 7, 
1943 (M/A Class ITI,A). 


520. SaturRaBLE Core Reactor Now SMALLER, 
More Capasie, E. C. Wentz. Westinghouse Engi- 
neer, volume 3, November 1943, page 115. 


521. A New SaturasB_e Core Reactor, E. C. 
Wentz. Westinghouse Engineer, November 1943, 


522. EvLecrric VALVE PROTECTIVE System, H. 
Winograd. United States patent 2,329,735, 
September 21, 1943 (M/A Class ITI,B). 


1944 


523*. APPARATUS FOR MEASURING DirEcT CuR- 
RENTS OR VoLTaAGES, W. Geyger. United States 
patent 2,338,423, January 4, 1944 (M/A Class 
I1,A,3,4,a). 


524. Current Supp.y System, O. D. Grandstaff, 
T. W. Gilman, R. H. Herrick. United States 
patent 2,343,411, March 7, 1944 (M/A Class 
I,A,1). 


525. Constant CurrRENT ConTrRot, E. H. Haug. 
United States patent 2,351,681, June 20, 1944 
(M/A Class I,A,1,4,e). 


526. RecuLatinc Apparatus, L. K. Hedding. 
United States patent 2,346,487, April 11, 1944 
(M/A Class I,A,1). 


527. CoupLinc MeEetHops APPLIED TO REGULAT- 
ING TRANSDUCTORS (in Swedish), S. E. Hedstrém, 
U. H. Krabbe. ASEA Tidning, numbers 11—12,1944. 


528. FREQUENCY RepucinG System, R. H. Her- 
rick. United States patent 2,340,382, February 1, 
1944 (M/A Class II,A). 


529. ELEcTRICAL TRANSMISSION SystEM, W. H. T. 
Holden. United States patent 2,339,406, January 
18, 1944 (M/A Class I,B’,1,a,c). 


530. FREQUENCY Repucer, H. M. Huge. United 
States patent 2,364,531, December 5, 1944 (M/A 
Class II,B). 


531. Common Corr FReQueNcy CHANGER, H, M. 
Huge. United States patent 2,364,532, December 
5, 1944 (M/A Class II,B). 


532. VoLTacr STABILIZER, R. Lee. United States 
patent 2,351,980, June 20, 1944 (M/A Class 
iB. 2) 


533. A ContTinuvous-CoNTROL SERVO SYSTEM, 
J. T. McNaney. Electronics, volume 17, December 
1944, pages 118-25. 


534. Vapor Erectric Device, H. C. Myers. 
United States patent 2,349,633, May 23, 1944 
(M/A Classes I,A,2,c,d; II,A). 


535. INCREMENTAL PERMEABILITY TUNING, W. J. 
Polydorof. Proceedings, National Electronics 
Conference, volume 1, 1944, page 146. 


2111 


536. VottacE RsecuLator, J. E. Priest. United 
States patent 2,346,997, April 18, 1944 (M/A 
Class I,B’,1,a). 


537. A MECHANICAL INTEGRATING SySTEM IN- 
CORPORATING A MacGNeETic AMPLIFIER (Report 
number 436, OSRD NDRC Division 14), H. S. 
Sack, J. W. Trischka. Cornell University (Ithaca, 
N. Y.), December 15, 1944. 


538. Controt Apparatus, H. T. Sparrow. 
United States patent 2,355,567, August 8, 1944 
(M/A Class I,A,2,e). 


539. Recriryinc System, D. E. Trucksess. 
United States patent 2,349,685, May 23, 1944 
(M/A Class I,A,3). 


1945 


540. ORTHOMAGNETIC BUSHING CURRENT TRANS- 
FORMER FOR METERING, A. Boyajian, G. Camilli. 
Electrical Engineering (AIEE Transactions), volume 
64, March 1945, pages 137-40. 


541. SgLF-REGULATING REcTIFIER, H. M. Christo- 
pher. United States patent 2,373,383, April 10, 
1945 (M/A Class I,A,1,e). 


542. Exvecrronics (book), Coyne Electrical 
School Technical Staff, Chicago, Ill., 1945, page 79. 


543. Wextpine System, L. O. Dorfman. United 
States patent 2,387,889, October 30, 1945 (M/A 
Class III,A). 


544. Exvecrric Vatve Controt System, I. K. 
Dortort. United States patent 2,373,297, April 10, 
1945 (M/A Class I,A,1,e). 


545. PrRoTecrivE CrrCUITS FOR RECTIFIERS, J. 
Dyson. United States patent 2,371,035, March 6, 
1945 (M/A Class I,A,1). 


546. 
States patent 2,378,765, June 19, 
Class I,A,1). 


547. THs TRANSDUCTOR AS AN AID IN MEASURE- 
MENT(in Swedish), S. E. Hedstrom. Teknisk Tid- 
skrift, volume 18, 1945. 


548. DC SatTuRABLE REACTORS FOR CONTROL 
Purposes, H. Holubow. Electronic Industries, 
volume 4, March 1945, pages 76-79. 


549. THe ContTrot oF ALTERNATOR FREQUENCY 
ON THE GERMAN LONG RANGE ROCKET (Report 
number EL 1361), C. S. Hudson, I. A. Mossop. 
Royal Aircraft Establishment (Farnborough, 
England), February 1945. 


550. Reactance, R, W. Keiser. United States 
patent 2,387,797, October 30, 1945 (M/A Class 
IIE,©): 


551. ELECTROMAGNETIC ENGINEERING (book), 
I. W. P. King. McGraw-Hill Book Company, New 
York, N. Y., 1945. 


552. EgurvaLentT Circuit or A PULSE TRANS- 
FORMER CorRE (Report number 666), Staff, Massa- 
chusetts Institute of Technology, Cambridge, 
Mass., March 22, 1945, also Library of Congress 
Publication Board Report PB-2719 (Washington, 
D.C): 


553*, ELECTROMAGNETIC APPARATUS, H. D. 
Middel. United States patent 2,388,070, October 
30, 1945 (M/A Class I,A,1,g). 


554. PotypHase Direct CuRRENT SATURATED 
Inpuctance, B. Nordfeldt. United States patent 
2,372,112, March 20, 1945 (M/A Class I,A,1). 


555. FERROINDUCTANCE AS A VARIABLE ELECTRIC- 
Circuit Evement, J. D. Ryder. Electrical Engi- 
neering (AIEE Transactions), volume 64, October 
1945, pages 671-77. 


556. Use oF A SPECIALLY DESIGNED MAGNETIC 
AMPLIFIER In Computine Circuits (Report num- 
ber 437, OSRD NDRC Division 14), H. S. Sack, 
R. T. Beyer, G. H. Miller, J. W. Trischka. Cornell 
University, Ithaca, N. Y., May 10, 1945. 


557. VoLTaGE RecuLaTor Circuit, T. T. Short. 
United States patent 2,367,625, January 16, 
1945 (M/A Class III,A). 


558. SusTaInED SUBHARMONIC RESPONSE IN 
Non-Linear Series Circuits, C. F. Spitzer. 
Journal of Applied Physics, volume 16, February 
1945, pages 105-11. 


559. Servos WitH MAGNETIC AMPLIFIERS 
(TRaNspucTors). Report Number 206-45, United 
States Naval Technical Mission in Europe, Septem- 
ber 1945. 


VoLttTace Recurator, D. E. Garr. United 
1945 (M/A 


560. Horst Contrort System, W. R. Wickerham, 
United States patent 2,386,581, October 9, 1945 
(M/A Class I,A,1). 
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561. VARIABLE-UNBALANCED-VOLTAGE CONTROL, 
W.R. Wickerham. Electrical Engineering (AIEE 
Transactions), volume 64, March 1945, pages 98- 
102. 


1946 


562. GERMAN Two STAGE MAGNETIC AMPLIFIERS 
UsEp In BLIND LANDING EQUIPMENT, J. Baranaw- 
ski. Report Number EL 1392, Royal Aircraft 


Establishment (Farnborough, England), May 
1946, 
563. Exvecrric Crecurts, B. D. Bedford. United 


States patent 2,405,397, August 6, 1946 (M/A 
Class III,A). 


564. VottraceE Recuiation, W. HH. Bixby. 
United States patent 2,409,610, October 22, 1946 
(M/A Class I,A,1,a,c,g). 


565. MAGNETIC DEVELOPMENT IN JAPAN DURING 
Worvp War II (Report X-34(N)), R. M. Bozorth, 
F. T. Chestnut, G. W. Elmen, R. L. Sanford, W. D. 
Williams. Naval Technical Mission, Japan, 1946, 
also Department of Commerce Report PB 76031, 
1946. 


566. ON THE THEORY OF MAGNETIC AMPLIFIERS, 
T. Buchhold. May 6, 1946. 


5 
567. Macnetic AmpLiriger (German patent), T. 
Buchhold. Bibliography of Scientific and Indus- 
trial Reports, Office of Technical Services, United 
States Department of Commerce (Washington, 
D. C.), volume 2, August 2, 1946, page 325 (PB 
12464). 


568. Macnetic AMPLIFIER WITH TRANSVERSE 
MAGNETIZATION (German patent), T. Buchhold. 
Bibliography of Scientific and Industrial Reports, 
Office of Technical Services, United States Depart- 
ment of Commerce (Washington, D. C.), volume 
2, August 23, 1946, page 562 (PB 12487). 


569. MaGNetTrc AMPLIFIER (German patent), 
T. Buchhold. Bibliography of Scientific and Indus- 
trial Reports, Office of Technical Services, United 
States Department of Commerce (Washington, 
D. C.), volume 3, November 15, 1946, page 524 
(PB 12488). 


570. SaTURABLE REACTORS FOR AUTOMATIC 
ControL, W. D. Cockrell. Electronic Industries, 
volume 5, December 1946, pages 48-53. 


571. Vapror-Evectric System, J. H. Cox, H. C. 
Myers. United States patent 2,397,089, March 
26, 1946 (M/A Classes I,A,1; II,A). 


572. TRANSDUCTOR TyPE VOLTAGE REGULATORS. 
OTHER TYPES OF TRANSDUCTOR REGULATORS AND 
PowER REGULATION, Editor. ASEA Journal, 
numbers 1-3, 1946. 


573. APPLICATIONS OF THIN PERMALLOY TAPE 
IN WIDE-BAND TELEPHONE AND PULSE TRANS- 
FORMERS, A. G. Ganz. Electrical Engineering 
(AIEE Transactions), volume 65, April 1946, 
pages 177-83. 


574, RecuLatinc Apparatus, L. K. Hedding. 
United States patent 2,399,185, April 30, 1946 
(M/A Class 1,A,B”,1,a,e,2). 


575, Exvecrric Controct System, A. Herz. 
United States patent 2,401,156, May 28, 1946 
(M/A Class I,A,1). 


576. ComMPoNENTS oF UHF Fietp Meters, E. 
Karplus. Electronics, volume 19, November 1946, 
pages 124-29, 


577. THe TRaNspucTtor—ITs OPERATION AND 
APPLICABILITY (in Swedish), U.H. Krabbe. ASEA 
Tidning, volume 5, 1946, pages 47-60. 


578. ELECTRICALLY OPERATING REGULATING DE- 
vicrk, A. Kurssmann, United States patent 
2,399,872, May 7, 1946 (M/A Class I,A,3). 


579. Drrecr CurRENT SATURATED INDUCTANCE 
Wirth Revay Action, A. U. Lamm. United States 
patent Reissue Re. 22,768, June 25, 1946. From 
original United States patent 2,337,253, December 
21, 1943 (M/A Class I,A,1,a,c). 


580, Loap Current Contror, A. U. Lamm. 
United States patent 2,403,891, July 9, 1946 (M/A 
Class I,A,1,3,a,b). 


581. NEGATIVE RESISTANCE EFFECTS IN SATURA- 
BLE REACTOR Circuits, J. M. Manley, E. Peter- 


son. AIEE Transactions, volume 65, 1946, pages 
870-81. 
582. Exrcrric Motor Conrrot System, G. H. 


Pettibone. United States patent 2,394,100, Febru- 
ary 1946 (M/A Class I,A,3,c). 
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583. Tue Magnetic AMPLIFIERS (in French), 
L. Schoerer. La Radio Francaise, volume 4, 
1946, page 24. 


584. SrveRAL AFTER-ErFECT PHENOMENA AND 
RELATED LoSsES IN ALTERNATING Fretps, J. L. 
Snoek, F. K. DuPre. Philips Technical Review, 
volume 8, February 1946, pages 57-64. 


585. Non-MerTaLitic MATERIAL FOR HicH FRE- 
Quencigs, J. L. Snoek. Philips Technical Review, 
volume 8, December 1946, pages 353-60. 


586. ELECTROMETER INPUT CIRCUITS, 
Thomas. Electronics, volume 19, 
1946, pages 130-31. 


587. Controt System, W. 
United States patent 2,408,461, October 1, 1946 
(M/A Class I,A,1,3,c). 


December 


588. FM sy Non-Lrnegar Corrs, L. R. Wrathall, 


Bell Laboratories Record, volume 24, March 1946, 
pages 102-05. 


1947 


589. Exvecrric Conrrot Circuits, E. F. W. 
Alexanderson, A. H. Mittag. United States patent 


2,431,903, December 2, 1947 (M/A Classes I,A,3, _ 


II, A). 
590. Vortace ContTrot AppPpaARAtTuS, W. C. 
Anderson. United States patent 2,428,693, 


October 7, 1947 (M/A Class I,A,1). 


591. Exvectrric Contror Crrcuit, J. A. Augier. 
United States patent 2,427,542, September 16, 
1947 (M/A Class II,A). 


592. MEANS PropucING A STEEP WAVE-FRONT 
POTENTIAL FOR CONTROL OF ELECTRIC DISCHARGE 
Devices, J. A. Augier. 
2,428,604, October 7, 1947 (M/A Class II,B). 


593. Use or MAGNETIC AMPLIFIERS IN ComMpPutT- 
inc Circuits, R. T. Beyer. Physical Review, 
volume 72, September 15, 1947, page 522. 


594. MaGNneTic DEVELOPMENTS IN JAPAN DURING 
Woritp War II, BIOS Report, number 1283, 
1947, page 60. 


595. A New Macnetic Materiat oF Hex 
PerMeasiyity, O. L. Boothby, R. M. Bozorth. 
Journal of Applied Physics, volume 18, February 
1947. 


596. Macnetism, R. M. Bozorth. Review of 
Modern Physics, volume 19, January 1947. 


597. Direcr CURRENT PREMAGNETIZED RE- 
ACTORS WITH AND WiTHoUT FEEDBACK, T. Buch- 
hold. (Translated by J. B. Priauf), February 6, 
1947, pages 173-76. 


598. ON THE THEORY oF Eppy CURRENTS IN 
FERROMAGNETIC MateriAts, H. B. G. Casimir. 
Philips Research Report, volume 2, 1947, pages 
42-54. 


599. HicH-FREQUENCY EXCITATION OF IRON 
Corzs, J. D. Cobine, J. R. Curry, C. J. Gallagher, 
S. Ruthberg. Proceedings, Institute of Radio 
Engineers, volume 35, October 1947, pages 1060— 
67. 


600. Batrery CH#arocine System, L. P. Cronvall. 
United States patent 2,431,311, November 25, 
1947 (M/A Class I,A,1). 


601. THe TRANSDUCTOR, PRINCIPLE AND APPLICA- 
TION, Editor. Publication 7051 E/Reg. 479, 
Allmanna Svenska Elektriska Aktiebolaget, March 
1947, 


602. Tur Transpucror APPLIED TO ELECTRICAL 
MEASUREMENT, Editor. Publication 7126 E/ Reg. 
479, Allmanna Sevenska Elektriska Aktiebolaget, 
1947. 


603. REACTANCE AMPLIFIERS, Editor. Electronics, 
volume 20, part 2, October 1947, 


604. Fottow-Ur Controt System, M. A. Ed- 
wards, H. M. Ogle. United States patent 2,414,936, 
January 28, 1947 (M/A Class I,A,2,a,b,¢,d). 


605. Execrricar Controt Drvice, M. A. Ed- 
wards. United States patent 2,432,399, Decem- 
ber 9, 1947 (M/A Class I,A,3). ; 


606. SaTuraBLE Reactor System, A. L. Embry. 
United* States patent 2,422,958, June 24, 1947 
(M/A Class I,A,1). 3 


607. RecrirFreRs: SELENIUM AND COPPER OXIDE, 
W. 4H. Falls. General Electric Review, volume 50, 
February 1947, pages 34-38. 


608. A1r-BOoRNE Macnetometsrs, E. P. Felch, 
W. J. Means, T. Slonczewski, L. G. Parratt, L. H. 


AIEE TRANSACTIONS 


4. Aa 


R. Wickerham, 


United States patent — 


Rumbaugh, A. J. Tickner. Electrical Engineering, 
volume 66, July 1947, pages 680-85. 


609. Macnetic AmpuLirieR Circuits, NEUTRAL 
Typr, A. S. FitzGerald. Journal, Franklin Insti- 
tute, volume 244, October 1947, pages 249-65. 


610. Some Nores on THE DESIGN OF MAGNETIC 
Ampuiriers, A. S. FitzGerald. Journal, Franklin 
Institute, volume 244, November 1947, pages 323-— 
62. 


611. Magnetic AMPLIFIER CHARACTERISTICS, 
NEUTRAL Type, A. S. FitzGerald. Journal, Frank- 
lin Institute, volume 244, December 1947, pages 
415-40. 


612. Data SroraGke IN THREE DIMENSIONS 
(Report number M-70), J. W. Forrester. ONR 
Contract N5ori-60, Project Whirlwind, Massa- 
chusetts Servomechanisms Laboratory, Cambridge, 
Mass., April 29, 1947. 


613. AppLicaTIONS OF MAGNETIC AMPLIFIERS, 
W. E. Greene. Electronics, volume 20, September 
1947, pages 124-28, 


614. Circuit Controt Apparatus, E. H. Haug. 
United States patent 2,421,786, June 10, 1947 
(M/A Class I,A,1,e). 


615. THe TRANSDUCTOR APPLIED TO ELECTRICAL 
Measurement, S. E. Hedstrom. Pamphlet 
Number 7126E, Allmanna Svenska Elektriska 
Aktiebolaget, 1947. 


616. DeEsicNING SATURABLE-CoRE REACTORS FOR 
Specrric Uses, C. Helber. Electronic Industries 
and Instrumentation, December 1947, pages 4, 5, 13. 


617, CONTROLLED Sources ror Heavy Direct 
Currents, G. Houek. Electronic Industries and 
Instrumentation, December 1947, pages 12-13. 


618. Frequency CHANGER, H. M. Huge. United 
States patent 2,418,640, April 8, 1947 (M/A Class 
11,A,B). 


619. Frequency CHancer, H. M. Huge. United 
States patent 2,418,641, April 8, 1947 (M/A Class 
11,A,B). 


620. FreQueNcy Repucer, H. M. Huge. United 
States patent 2,418,642, April 8, 1947 (II,B). 


621. MacGnetic Frequency CHANGER, H. M. 
Huge. United States patent 2,418,643, April 8, 
1947 (M/A Class II,A). 


622. RecGuvaTinc System, H. C. Jenks. United 
States patent 2,420,881, May 20, 1947 (M/A Class 
1,A,1). 


623. BALANCED AMPLIFIERS USING BIASED SATUR- 
ABLE Core Reactors, H. S. Kirschbaum, E. L. 
Harder. AIEE Transactions, volume 66, 1947, 
pages 273-78. 


624. Tue TRANSDUCTOR, PRINCIPLE AND Ap- 
pricaTion, U. H. Krabbe. ASEA Journal, 
volume 20, 1947, page 119. 


625. THe DeEsicN oF TRANSDUCTOR CIRCUITS, 
U. H. Krabbe, S. E. Hedstrom. ASEA Journal, 
volume 21, 1947, page 3. 


626. THe TRANSDUCTOR AMPLIFIER’ (book), 
U. H. Krabbe. Lindhska Boktryckeriet, Orebro, 
Sweden, 1947, also Einar Munksgaard, Copen- 
hagen, Denmark. 


627. Some FUNDAMENTALS OF AND THEORY OF 
THE TRANSDUCTOR OR MAGNETIC AMPLIFIER, 
A. U. Lamm. AJEE Transactions, volume 66, 
1947, pages 1078-85. 


628. CuRRENT ConrrRot Apparatus, K. A. Lang. 
United States patent 2,426,937, September 2, 
1947 (M/A Class I,A,1,3,e). 


629. ELECTRONIC TRANSFORMERS AND CIRCUITS 
(book), R. Lee. John Wiley and Sons, Inc., New 
York, N. Y., 1947. 


630. Norres ON THE TyPpES, GENERAL CHARAC- 
TERISTICS, CONTROL, AND SOME BAsic APPLICA- 
TIONS OF SATURABLE Core Reactors, F. G, 
Logan. Report, Ward-Leonard Company (Mt, 
Vernon, N. J.), January 3, 1947. 


631. Non-Lingzar Dynamics (Report number 130, 
PIB 81.9, ONR Contract N6ori-98, Task Order 4), 
Staff of the Polytechnic Institute of Brooklyn, 
Microwave Research Institute, New York, N. Y., 
September 1947. 


632. Non-LinzAR ELECTRODYNAMICS (Report 
number 130, PIB-81.11, ONR Contract N6ori- 
98, Task Order 4), Staff of the Polytechnic Insti- 
tute of Brooklyn, Microwave Research Institute, 
New York, N. Y., 1947. Continued: Report 
number 130, PIB 81.14, May 25, 1948. 


1951, VoLuME 70 


633. VoLTaGe ReGULATED RecTirieER CrRcuIT, 
J. A. Potter. United States patent 2,423,114, 
July 1, 1947 (M/A Class I,A,B’,1). 


634. Tur TrAnspuctor, H. B. Rex. Instruments, 
volume 20, December 1947, pages 1102-09. 


635. SpecraL MAGNETIC AMPLIFIERS AND THEIR 
Use In CompuTinG Circuits, H. S. Sack, R. T. 
Beyer, G. H. Miller, J. W. Trischka. Proceedings, 
Institute of Radio Engineers, volume 35, November 
1947, pages 1375-82. 


636. New DEVELOPMENTS IN FERROMAGNETIC 
MATERIALS (book), J. L. Snoek. Elsevier Pub- 
lishing Company, New York, N. Y., 1947. 


637. ANALYTICAL AND EXPERIMENTAL STUDY OF 
MacGnetic AMPLIFIERS (Report number R-149, 
PIB-98, ONR Contract N6ori-98, Task Order 4), 
M. Stateman. Polytechnic Institute of Brooklyn, 
Microwave Research Institute (New York, N. Y.), 
June 10, 1947. 


638. SATURABLE REACTORS FOR LOAD CONTROL, 
I anv II, P. A. Vance. General Electric Review, 
volume 50, August 1947, pages 17-21, and Septem- 
ber 1947, pages 42-44. 


639. Macneric AMPLIFIERS Part I—THE STEADY 
STATE PERFORMANCE OF MAGNETIC AMPLIFIERS 
Witrnour Frepspack (ONR Contact N6ori-47, 
Task Order 5), D. W. VerPlanck, M. Fishman. 


Carnegie Institute of Technology (Pittsburgh, 
Pa.), February 1947. 
640. Macneric AMPLIFIERS Part II—TuHeE 


STEADY STATE PERFORMANCE OF MAGNETIC 
AMPLIFIERS WitH FerepsBacK (ONR_ Contract 
N6ori-47, Task Order 5), D. W. VerPlanck, M. 
Fishman. Carnegie Institute of Technology 
(Pittsburgh, Pa.), August 1947. 


641. ON THE CRYSTALLINE STRUCTURE OF FER- 
RITES AND ANALOGOUS METAL OxipEs, E. J. W. 
Verwey, P. W. Haayman, E. L. Heilman. Philips 
Technical Review, volume 9, 1947, pages 185-90. 


642. CONVERTER System, P. J. Walsh. United 
States patent 2,417,622, March 18, 1947 (M/A 
Class III,A). 


643. A 60-CycLe HysTERESIS Loop TRACER FOR 
SMALL SAMPLES OF Low PERMEABILITY MATERIALS, 
D. E. Wiegand, W. W. Hansen. AJEE Trans- 
actions, volume 66, 1947, page 119. 


644. AccumuLATOR CHARGING System, G. Wink- 
ler. United States patent 2,423,134, July 1, 1947 
(M/A Class I,A,1). 


645. A Catruope Ray B-H Tracer, J. Zamsky. 
Electrical Engineering, volume 66, July 1947, pages 
678-80. 


1948 


646. Somer Aspects oF THE THEORY OF IRON- 
TESTING BY WATTMETER AND BRIDGE METHODs, 
N. F. Astbury. Journal, Institution of Electrical 
Engineers, volume 95, part 2, October 1948, pages 
607-16. 


647. Macnetic AMPLIFIERS Part III—TuHe 
Step-By-Step CALCULATION OF A MAGNETIC 
AMPLIFIER (ONR Contract N6ori-47, Task Order 
5), D. C. Beaumariage. Carnegie Institute of 
Technology (Pittsburgh, Pa.), April 1948. 


648. Srmmpvirigep Macnetic AmpvirFikr, D. A. Bell. 
Wireless Engineer, volume 25, September 1948, 
pages 303-04. | 


649. Macnetic AMPLIFIER DEVELOPMENT (United 
States Naval Ordnance Laboratory Report NOLR 
1091), A. O. Black, Jr. Conference Paper, Naval 
Ordnance Laboratory Magnetic Materials Sym- 
posium (Washington, D. C.), June 15, 1948. 


650. Errect or Core MATERIALS ON MAGNETIC 
AMPLIFIER Desicn, A. O. Black, Jr. Proceedings, 
National Electronics Conference, volume 4, 1948, 
pages 427-35. 


651. Some Factors GOvERNING THE ACHIEVE- 
MENT OF A RECTANGULAR HYSTERESIS Loop 
(USNOL Report NOLR 1091), E. Both. Naval 
Ordnance Laboratory Magnetic Materials Sym- 
posium (Washington, D. C.), June 15, 1948. 


652. MAGNETIC MATERIALS WITH A RECTANGU- 
LAR HysTERESIS Loop (Technical Memo number 
M-1155 GS), E. Both. SCEL Fort Monmouth 
number 6, Signal Corps Project 152A, D. A. 
Project number 3-99-15-021, September 1948. 


653. INVESTIGATION OF THE Eppy-CURRENT 
ANOMALY IN ELECTRICAL SHEET STEELS, F. Brails- 
ford. Journal, Institution of Electrical Engineers, 
volume 95, part 2, February 1948, pages 38-48. 
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654, Tae Errects oF OVERLAPPING JOINTS IN 
LAMINATED MaGNetic CorRES ON THE M.M.F. 
AND POWER REQUIRED FOR THEIR A.C. Mac- 
NETIZATION, O. I. Butler, C. Y. Mang. Journal, 
Institution of Electrical Engineers, volume 95 
part 2, February 1948, pages 15-24. 


655. PREDETERMINATION OF THE MAGNETIC 
PROPERTIES OF FERRO-MAGNETIC LAMINAE AT 
PowreR AND Aupio Freguencies, O. I. Butler, 
C. Y. Mang. Journal, Institution of Electrical 
Engineers, volume 95, part 2, February 1948, 
pages 25-37. 


656. POLARIZATION PHENOMENA IN NICKEL-IRON 
ALLOYS, AND THEIR EFFECTIVE ELIMINATION, 
O. I. Butler. Journal, Institution of Electrical 
Engineers, volume 95, part 2, October 1948, pages 
627-35. 


657. THe DesiGN oF TRANSDUCTOR CIRCUITS, 
Editor. Publication 713E/Reg 4795, Allmanna 
Svenska Elektriska Aktiebolaget, 1948. 


658. SupERMALLOY, Editor. Bell Laboratories 
Record, volume 26, March 1948, pages 111-13. 


659. Macnetic AMPLIFIER, Editor. Electrical 
Review, volume 143, December 3, 1948, pages 880- 
81. ; 


660. Macnetic AMPLIFIERS FOR INDUSTRIAL 
ConrTROLS, PERMENORM 5000 Z, Editor. Elec- 
trical World, volume 130, September 1948, page 
103, also Machinery, volume 55, September 1948, 
page 178. 


661. ELECTROMAGNETIC AMPLIFIERS, Editor. 
Electronics, volume 21, January 1948, pages 190-— 
95. 


662. ImpROVED MATERIALS FOR MAGNETIC Am- 
PLIFIERS, Editor. Electronics, volume 21, August 
1948, page 128. 


663. MAGNETIC PROGRAM AT THE NAVAL ORD- 
NANCE Lagsoratory (USNOL Report NOLR 
1091), G. W. Elmen. Naval Ordnance Laboratory 
Magnetic Materials Symposium (Washington, 
D. C.), June 15, 1948. 


664. SpecraL Macnetic ALLOYS AND APPLICA- 
Trons, G. W. Elmen, E. A. Gaugler. Electrical 
Engineering, volume 67, September 1948, pages 
843-45, also Power Generation, volume 52, Septem- 
ber 1948, pages 64-67. 


665. Macnetic AMPLIFIERS PART V—ANALYTI- 
CAL PREDETERMINATION OF THE STEADY STATE 
CHARACTERISTICS OF MAGNETIC AMPLIFIERS (ONR 
Contract N6ori-47, Task Order 5), L. A. Finzi, 
D. C. Beaumariage. Carnegie Institute of Tech- 
nology (Pittsburgh, Pa.), December 1948. 


666. Macnetic AMPLIFIERS Part IV—THE 
STEADY STATE PERFORMANCE OF MAGNETIC 
AMPLIFIERS WITH SELF FEEDBACK (ONR Con- 
tract N6ori-47, Task Order 5), M. Fishman, D. C. 
Beaumariage. Carnegie Institute of Technology 
(Pittsburgh, Pa.), August 1948. 


667. THe THEORY oF MAGNETIC AMPLIFIERS 
AND SOME RECENT DEVELOPMENTS, E. H. Frost- 
Smith. Journal of Scientific Instruments, volume 
25, August 1948, pages 268-72. 


668, PROCESSING OF MAGNETIC MATERIALS AT 
THE NavaL ORDNANCE LaApBoratory (USNOL 
Report NOLR 1091), E. A. Gaugler. Naval 
Ordnance Laboratory Magnetic Materials Sym- 
posium (Washington, D. C.), June 15, 1948. 


669. Iron-Loss MEASUREMENTS BY A. C. BRIDGE 
AND CALORIMETER, J. Grieg, H. Kayser. Journal, 
Institution of Electrical Engineers, volume 95, 
part 2, April 1948, pages 205-16. 


670. INVESTIGATION AND DEVELOPMENT OF MAG- 
NETIC AMPLIFIERS (Summary Report, Contract 
NObs 45340, Task Order 1), J. Grillo. BuShips, 
Navy Department, Ward-Leonard Electric Com- 
pany (Mt. Vernon, N. Y.), August 27, 1948. 


671. TRaNspucror FuNDAMENTALS, S. E. Hed- 
strém, L. F. Borg. Electronics, volume 21, Septem- 
ber 1948, pages 88-93. 


672. STANDARDS ON ABBREVIATIONS, GRAPHICAL 
SympBo_ts, LETTER SYMBOLS, AND MATHEMATICAL 
Sicns (book). Institute of Radio Engineers, 
New York, N. Y., 1948. 


673. MAGNETIC PROPERTIES OF ORDERED NICKEL- 
Mancanese Atioys, R. J. Jaffee. Journal of 
Applied Physics, volume 19, October 1948, pages 
867-70. 


674. THe MecHANICAL RECTIFIER (USNOL 
Report NOLR 1091), O. Jensen. Naval Ordnance 
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Laboratory Magnetic Materials Symposium (Wash- 
ington, D. C.), June 15, 1948, 


675. Purse LTRansvormurs (Final report, Con- 
tract W28-099 ac-118), H. S. Kirschbaum, C. E. 
Warren, Ohio State University Research Founda- 
tion (Columbus, Ohio), November 1948, also 
Report R-2230, Library of Congress, Science and 
Technology Project, Technical Information Sec- 
tion (Washington, D. C.). 


676, Yun Transpuctor (book), A. U. Lamm, 
Esselte Aktiebolag, Stockholm, Sweden, second 
edition 1948, 


677, A-C Measurements or Macneric Prop- 
warins, A. W. Lamson, Proceedings, Institute of 
Radietingineers, volume 36, February 1948, pages 
266-77, 
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FoRMERS, T. R. Breunich. Product Engineering, 
volume 21, July 1950, pages 113-17. j 


784, THe Use or A MINIATURE LLOYD-FiSHER 
SQUARE FOR PowerR-Loss MEASUREMENTS .AT 
Aupro Freguenciss, O. I. Butler. Proceedings, 
Institution of Electrical Engineers, volume 97, 
part 2, April 1950, page 215. 


785. Tae INCREMENTAL MAGNETIC PROPERTIES 
or Smicon-Iron Attoys, R. O. ‘Cartier, Pyo- 
ceedings, Institution of Electrical Engineers, volume 
97, part 2, April 1950, page 199. 


786. Tur Macnertre Ampuirter, N, R. Castellini. 
Proceedings; Institute of Radio Engineers, volume 
38, February 1950, pages 151-58. 


787. Norse FIGURE oF THE MAGNETIC AMPLIFIER, 
N. R. Castellini. Proceedings, National ‘ Elec- 
tronics Conference, volume 6, 1950, pages 52-58. 


788. RecoRDING FLUXMETER OF Hr6H ACCURACY 
AND SENsITIviITY, P. P. Cioffi. Review of Scientific 
Instruments, volume 21, July19 50, pages 624-28. 


789. ANALYSIS AND DeEsIGN OF SELF-SATURABLE 
MacnetTic AmpLiriers, S. Cohen. Conference 
Paper, Institute of Radio Engineers National 
Convention, March 8, 1950. } ¢ 


790. Errecr or RECTIFIER LEAKAGE ON MAG- 
NETIC AMPLIFIER PERFORMANCE (Sttmmary Re- 
port, Contract NObs 46768), J. Conrath. BuShips, 
Navy Department, Vickers, Inc. (St. Louis, Mo.), 
January 20, 1950. ; 


791. SymposiuM OF PAPERS ON FERROMAGNETIC 
Marerrars, Editor. Proceedings, Institution of 
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Electrical Engineers, volume 97, part 2, April 
1950, pages 118-274. 


792. Recrirrer Wits Diescr-Currsnt SaTura- 
BLE Reacror FOR VottTace RecuiaTron, H. 
Elmlund, A. U. Lamm. United States patent 
2,524,220, October 3, 1950 (M/A Class I,A,1,a,c). 


793. Tae TRACING AND INTERPRETATION OF 
AsyMMETRICAL Hysteresis Loops, G. M. Ettinger. 
Journal of Applied Physics, volume 21, September 
1950, pages 936-37. 


794. Tas MaGnetic AMPLIFIER, TRANSDUCTOR 
Tueory, R. Feinberg. Wireless Engineer, volume 
27, April 1950, pages 118-24. 


795. “A Review OF TRANSDUCTOR PRINCIPLES AND 
Appiicatrons, R. Feinberg. Proceedings, Institu- 
tion of Electrical Engineers, volume 97, part 2, 
October 1950, pages 628-44. 


796. Inpucrors, TsHEIR CALCULATION AND 
Lossgs, R. F. Field. Conference Paper, Institute 
of Radio Engineers National Convention, March 
8, 1950. 


797. GENBRAL CHARACTERISTICS OF MAGNETIC 
Awpurrrers, L. A. Finzi, D. C. Beaumariage. 
AITEE Transactions, volume 69, 1950, pages 919—- 
27, and Report, ONR Contract N7onr 30306, 
part 7. 


798*. MaGnetic AMPLIFIER FOR REVERSIBLE 
Currents, H. Forssell. United States patent 
2,504,675, April 18, 1950 (M/A Class I,A,1,2,4,a,¢). 


799. MacGneric AMPLIFIERS OF THE BALANCE 
DestTecToR TyPs—THEIR BASIC PRINCIPLES, CHAR- 
ACTERISTICS AND AppLicaTrions, W. A. Geyger. 
Electrical Engineering, volume 69, May 1950, 
page 459. 


800. MacGnetic AMPLIFIERS With ORTHONOL 
Tare Corss, W. A. Geyger. Proceedings, Na- 
tional Electronics Conference, volume 6, 1950, 
pages 59-67. 


801. Ssevective Ourpur SatTuRABLE REACTOR 
AMPLIFIER Crrcurt, P. Glass. United States 
patent 2,493,130, January 3, 1950 (M/A Class 
1,A,2,4). 


802. Macneric Cores oF THIN Tape INSULATED 
By CarapuHoresis, H. L. B. Gould. Electrical 
Engineering, volume 69, June 1950, page 544, 
also Abstract, Bel! Laboratories Record, volume 28, 
July 1950, pages 292-94. 


803. D-C Controt Wits Amptistats, W. L. O. 
Graves, H. M. Ogle. Product Engineering, 
volume 21, February 1950, pages 81-84. 


804*. MacGnetic AMPLIFIER FOR INDUCTIVE 
Loaps, W. L. O. Graves. United States patent 
2,516,563, July 25, 1950 (M/A Class I,A,1,b,g). 


805. Pracricat CALCULATION OF MAGNETIZING 
Force, A. A. Halacsy. Proceedings, Institution of 
Electrical Engineers, volume 97, part 1, March 1950, 
pages 37-42. 


806. LamMiNATED FERROMAGNETIC CORES AT 
Very Low Inpuctrons FoR Use In LINE Com- 
MUNICATION, R. J. Halsey. Proceedings, Institution 
of Electrical Engineers, volume 97, part 2, April 
1950, page 141. 


807. RESPONSE TIME OF MAGNETIC AMPLIFIERS, 
E. L. Harder, W. F. Horton. AIEE Transactions, 
volume 69, 1950, pages 1130-41. 


808. SaTuRABLE REAcToR System, S. V. Hart. 
United States patent 2,497,218, February 14, 
1950 (M/A Class III,C). 


809. FERROMAGNETIC SPINELS FOR RapDiO FRE- 
quencies, R. L. Harvey, I. J. Hegyi, H. W. Lever- 
enz. RCA Review, volume 11, September 1950. 


810*. ELscrroMaGNetic AspriFiser, S. E. Hed- 
stroém. United States patent 2,509,864, May 30, 
1950 (M/A Class I,A,2,a,b,g). 


S811. FRegueNcy CoMPENSATED SATURABLE RE- 
actor System, S. E. Hedstrém, R. Svensson. 
United States patent 2,509,865, May 30, 1950 
(M/A Class I,A,1,e,g). 


812. A THEORY OF THE SERIES TRANSDUCTOR, 
C. S. Hudson. Proceedings, Institution of Elec- 
trical Engineers, volume 97, part 2, December 
1950, pages 751-55. 

813. A Drirecr CurrENT AMPLIFIER AS POWER 
AMPLIFIER FOR TEMPERATURE CONTROL, W. Jel- 


linghaus. Zeitschrift fur Angewandte Physik, June 
1950, pages 254-61. 


814. A Macnetic AMPLIFIER FREQUENCY Con- 
Trot, L. J. Johnson, H. G. Schafer. AJEE Trans- 
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actions, volume 69, 1950, pages 613-15, and ab- 
stract, Electrical Engineering, volume 69, May 
1950, page 445. 


815. ANALYSIS OF TRANSIENTS AND FEEDBACK 
In Macneric Ampuirrers, W. C. Johnson, F. W. 
Latson. AIEE Transactions, volume 69, 1950, 
pages 604-12, also Elecirical Engineering, volume 
69, April 1950, pages 353-59. 


816. Expsrmentar MacGnstrceTyps DC-AC 
Sienat Inverter, J. Kauke. Radio and Tele- 
vision News, volume 43, May 1950, pages 64-65. 


S17. Sratic MAGNETIC AMPLIFIER FOR REGULAT- 
inc Crrcurts, H. E. Larson, T. Dunnegan, Jr. 
or 


Iron and Steel Engineer, volume 27, July 1950, 
pages 88-102. 


818. A SuRvsy OF THE POSSIBLE APPLICATIONS 
or Fsrrirss, K. E. Latimer, H. B. MacDonald. 
Proceedings, Institution of Electrical Engineers, 
volume 97, part 2, April 1950, page 257. 


819. FrLasHTusBE TRIGGERING Crecurts, H. W. 
Lord. United States patent 2,509,005, May 23, 
1950 (M/A Class II,A). 


820%, Barancep MaGnetre Ampuirrer, H. W. 
Lord. United States patent 2,509,738, May 30, 
1950 (M/A Class I,A,3,b,d,e). * 


821. Tures-DiMENSIONAL INFORMATION STORAGE 
Usinc Macnetic Cores (Summary Report 24, 
Project Whirlwind, ONR Contract No5ori60, 
Project NR-048-097), Massachusetts Institute of 
Technology, Servomechanisms Laboratory (Cam- 
bridge, Mass.), Third Quarter, 1950, pages 11-14. 


822. APPLICATION OF MAGNETIC AMPLIFIERS, 
F.N. McClure. Electrical Engineering, volume 69, 
June 1950, pages 5388-43. 


823. MaGnetic AMPLIFIERS IN INpusTRY, F. N. 
McClure. Westinghouse Engineer, volume 10, 
September 1950, pages 201-05. 


824. Tse MEASUREMENT AND CALCULATION OF 
PuLtsE MAGNETIZATION CHARACTERISTICS OF 
Nrcket Irons From 0.1 to 5 MrcrROSECONDS, 
W. S. Melville. Proceedings, Institution of Elec- 
trical Engineers, volume 97, part 2, April 1950, 
page 165. 


825. A New THrorRY OF THE MAGNETIC AMPLI- 
Frer, A. G. Milnes. Proceedings, Institution of 
Electrical Engineers, volume 97, part 2, August 
1950, pages 460-83, also Abstract (by author), 
volume 97, part 3, November 1950, pages 462-64. 


826. THe EXTENSION OF AMPLISTAT PERFORM 
ANCE BY ALTERNATING CURRENT COMPONENTS, 
R. E. Morgan, H. M. Ogle, V. J. Wattenberger. 
AIEE Transactions, volume 69, 1950, pages 986— 
91, 


827. ORIENTED CRYSTALS: THEIR GROWTH AND 
TueIR EFFECTS ON MAGNETIC PROPERTIES, W. 
Morrill. General Electric Review, volume 53, 
August 1950, pages 16-21. 


828. New DEVELOPMENTS IN THE FIELD OF 
SeELF-SaTURATING MaGnetic Amp.irrers, R. H. 
Munch. Industrial and Engineering Chemistry, 
volume 42 (supplement-107A-108A), September 
1950. 


829. THe AMPLISTAT AND ITS APPLICATION, 
Parts I, II, Ill, H. M. Ogle. General Electric 
Review, volume 53, February 1950, pages 32-35, 
and volume 53, August 1950, pages 41-44, and 
volume 53, October 1950, pages 41-46. 


830. A CorncIpENT-CURRENT MaGNeTic MeEmM- 
ory Unrt (Project Whirlwind Report R-192, ONR 
Contract N5ori60), W. N. Papian. Massachusetts 
Institute of Technology, Servomechanisms Labora- 
tory (Cambridge, Mass.), September 8, 1950, also 
Massachusetts Institute of Technology, Electrical 
Engineering Department, Master of Science Thesis, 
August 31, 1950. 


831. INFLUENCE OF DESIGN PARAMETERS ON THE 
PERFORMANCE OF Drrecr CuRRENT TRANS- 
FORMERS, Y. B. Perets. Electrichestvoo, number 2, 
February 1950, pages 66-69. 


832. THE Eppy-CURRENT AND SCREEN LOSSES 
OF A SCREENED SINGLE-LAYER SOLENOID, F. M. 
Phillips. Proceedings, Institution of Electrical 
SaaS volume 97, part 3, March 1950, pages 


833. Ferrite Materracs, D. Polder. Proceed- 
ings, Institution of Electrical Engineers, volume 
97, part 2, April 1950, page 246. 


834. Some METALLURGICAL AND STRUCTURAL 
FACTORS AFFECTING PROPERTIES OF SorT Mac- 
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Nerie Marsrrars, W. F. Randall, H. H. Schoel- 
field. Proceedings, Institution of Electrical Engi- 
neers, volume 97, part 2, April 1950, page 133. 


835. ReGuLation With MaGNsTIC AMPLIFIBRS, 
I. I. Ratgaus, S. A. Dohman. Electrichestvoo, num- 
ber 5, May 1950, pages 44—46. 


836. AmpctiruDE Metxop To D&SIGN SATURABLE 
Reactors, A. M. Ribkin. Electrichestroo, number 
8, August 1950, pages 57—63. 


837.. Some PROPERTIES AND TESTS OF MAGNBTIC > 
Powpers AND Powpsr Corgs, C. E. Richards, 
S. E. Buckley, P. R. Bardell, M. A. Lynch. Pro- 
ceedings, Institution of Electrical Engineers, 
volume 97, part 2, April 1950, page 236. 


S838. DsrerMINnaTION oF STEADY-STATE PER-~ 
FORMANCE OF SELE-SATURATING MAGNETIC AMPLI- | 
rrers, E. J. Smith. AJEE Transactions, volume 
69, 1950, pages 1809-17. 


839. Tus THEORY OF THE CURRENT TRANSDUCTOR 
AND Its APPLICATION IN THE ALUMINUM INDUSTRY, 
T. R. Specht, R. N. Wagner. AIJEE Trans-_ 
actions, volume 69, 1950, pages 441-52, also 
Electrical Engineering, volume 69, September : 
1950, pages 828-32, 


840. Losses rn Evserricat Sueer Steet, K. H. 
Stewart. Proceedings, Institution of Electrical 
Engineers, volume 97, part 2, April 1950, page 121. 


S41. Serres ConNECTED SATURABLE REACTOR ~ 
With Controt Sourcs or COMPARATIVELY LOW — 
Impepancs, H. F. Storm. AJEE Transactions, 
volume 69, part 2, 1950, pages 756-65, 


$42. Serres CoNnNECTED SATURABLE REACTOR 
Wits Controt Source oF CoMPARATIVELY HicH j 
Impgepance, H. F. Storm. AJEE Transactions, — 
volume 69, 1950, part 2, pages 1299-1309. 


| 
; 


$43. FERROMAGNETIC MATERIALS AND FERRITES, 
PROPERTIES AND AppircaTions, M,. J. O. Strutt. 
Wireless Engineer, volume 27, December 1950, 
pages 277-S4. 


844. INVESTIGATIONS ON REVERSIBLE SUSCEPTI- 
BILITY OF FrrRRoMAGNETICS, R. S. Tebble, W. D. 
Corner. Proceedings, Physical Society, volume 63, 
December 1, 1950, pages 1005-16. . 


845*. Brnary Countrne Crecurr, R, L, Thomp- 
son. United States patent 2,519,513, August 22, 
1950 (M/A Class I,A,4,a). 


846. AN ANALYSIS OF TRANSIENTS IN MAGNETIC 
AMPLIFIERS (WitHOUT FEEDBACK), D. W. Ver- 
Planck, L. A. Finzi, D. C. Beaumariage. AIJEE 
Transactions, volume 69, part 1, 1950, pages 498— 
503, also Report on ONR Contract N6ori-47, part 
6. 


847. Ourpur CHARACTERISTICS AND FREQUENCY 
RESPONSE OF MAGNETIC AMPLIFIERS, Vickers 
Electric Division, Vickers, Inc. (St. Louis, Mo.), 
Supplement to Bulletin 2000 (Under cover of 
Issue 50D), October 1950, pages 11-14. 


848. Static MaGnetTic SToraGe AND Dgstay 
Ling, A. Wang, W. D. Woo. Journal of Applied 
Physics, volume 21, January 1950, pages 49-54. 


849. Static MacGnetic Putss CONTROL AND 
INFORMATION SroracE, A. Wang. Conference 
Paper number 75, Institute of Radio Engineers 
National Convention, New York, N. Y., March 8, 
1950. 


850. MaGneric Triccers, A. Wang. Proceed- 
ings, Institute of Radio Engineers, volume 38, 
June 1950, pages 626-29. 


851. MacGnsTic AMPLIFIERS (ONR_ Report), 
E. Weber. Polytechnic Institute of Brooklyn, 
Microwave Research Institute (New York, N. Y.), 
September 1950. 


852. ON THE DETERMINATION OF THE COMPLEX 
PERMEABILITY OF FERROMAGNETIC CONDUCTORS AT 
Hica Frequencies, A. Wieberdink. Applied 
Scientific Research, volume B1, number 6, 1950, 
pages 439-52. 


853. THe FUNDAMENTAL LIMITATIONS OF THE 
Sreconp-Harmonic Type oF MaGnetre Mopvu- 
LATOR AS APPLIED TO THE AMPLIFICATION OF SMALL 
D-C Srenats, F. C. Williams, S. W. Noble. 
Proceedings, Institution of Electrical Engineers, 
volunie 97, part 2, August 1959, pages 445-59, and 
discussion, volume 97, part 2, August 1950, pages 
474-83, also abstract, volume 97, part 3, November 
1950, pages 461-62, and abstract, Electrical Record, 
volume 146, March 1950, page 466. 


854. FrRROMAGNETIC Domarns, H. J. Williams. 
Electrical Engineering, volume 69, September 1950, 
pages 817-22. : 


AIEE TRANSACTIONS 


' 


855. MacGnetic AMPLIFIER VOLTAGE REGULATOR, 
J. L. Wolff. Proceedings, National Electronics 
Conference, volume 6, 1950, pages 45-51. 


856*. EvecrricaL Triccer, M. L. Wood. 
United States patent 2,524,154, October 3, 1950 
(M/A Class I,A,4,a). 


857. Frequency ANALYSIS OF VARIABLE NeET- 
works, L. A, Zadeh. Proceedings, Institute of 
Radio Engineers, volume 38, March 1950, pages 
291-99. (4 


1951 


858. ProGRess Rerort or tHe AIEE MAGNETIC 
AMPLIFIER SuBCcoMMITTEE, AIEE Magnetic Ampli- 
fier Subcommittee. AJEE Transactions, volume 
70, part 1, 1951, pages 445-50. 


859. FErERROMAGNETISM (book), R. M. Bozorth. 
D. Van Nostrand Company, Inc., New York, N. Y., 
1951. 


860, STRUCTURE AND PROPERTIES OF FERRITES, 
F. G. Brockman. Electrical Engineering, volume 
70, June 1951, pages 489-94. 


861. SaTuURABLE REACTORS AND CONTROL OSCIL- 
LAToRS, E. Bukstein. Radio and Television News, 
volume 45, April 1951, pages 42, 120-21. 


862. Tur C. G. S. IncreEpucToR (pamphlet). 
C. G. S. Laboratories, Inc. (Stamford, Conn.), 


. 1951. 


863. H. F. MAGNETIZATION OF FERROMAGNETIC 
Laminab, H. R. Chablani. Wireless Engineer, 
volume 28, March 1951, pages 92-97. 


864. EXPERIMENTAL PREPARATION OF FERRITES, 
Editor. Bell Laboratories Record, volume 29, May 
1951, pages 206-08. 


865. Prospects FOR MAaGNerTic 
Editor. Product Engineering, 
1951, page 143. 


866. Sreapy-Stare ANALYSIS OF SELF-SATURAT- 
ING MAGNETIC AMPLIFIERS BASED ON LINEAR 
APPROXIMATIONS OF THE MAGNETIZATION CURVE, 
W.4H.Esselman. AJEE Tyvansactions, volume 70, 
part 1, 1951, pages 451-59. 


AMPLIFIERS, 
volume 22, May 


867. Drrecr-CuRRENT AMPLIFIERS EMPLOYING 
Macnerors, E. P. Felch, V. E. Legg, F. G. Merrill. 
Conference Paper, Institute of Radio Engineers 
National Convention, New York, N. Y., March 
1951. 


868. TRANSIENT RESPONSE OF MaGNeTIC AMPLI- 
Fiers, L. A. Finzi, D. P. Chandler, D. C. Beau- 


mariage. AIJEE Transactions, volume 70, 1951, 
pages 934-42, 
869. DiciraL INFORMATION STORAGE IN THREE 


Dimensions Ustnc Macneric Cores, J. W. For- 
rester. Journal of Applied Physics, volume 22, 
January 1951, pages 44-48. 


870. FrrRROMAGNETIC CerRAmics, H. A. Gold- 
smith. Product Engineering, volume 22, April 
1951, pages 97-102. 


871. INVESTIGATIONS FOR DESIGN OF DIGITAL 
CaLtecuLtatinc Macuinery (USAF Contracts W- 
19-122-ac-24 and AF-33(038)9461), Harvard Uni- 


1951, VoLumE 70 


versity Computation Laboratory Staff, Progress 
Reports number 2, August 10, 1948 to November 
10, 1948; number 3, November 10, 1948 to Febru- 
ary 10, 1949; number 4, February 10, 1949 to 
May 10, 1949; number 5, May 10, 1949 to August 
10, 1949; number 6, August 10, 1949 to November 
10, 1949; number 7, November 10, 1949 to Febru- 
ary 10, 1950; number 8, February 10, 1950 to May 
10, 1950; number 10, May 10, 1950 to August 10, 
1950; number 13, August 10, 1950 to November 
10, 1950; number 16, November 10, 1950 to Febru- 
ary 10, 1951. 


872. A Maonetic ScaLrinc Circuit, H. Hertz. 
Journal of Applied Physics, yolume 22, January 
1951, pages 107-08. 


873. Sraric MaGnetic Memory, 
J. M. Alden, R. B. Hanna. 
January 1951, pages 108-11. 


874. THIn FERROMAGNETIC Fiims, M. J. Klein, 
R.S. Smith. Physical Review, volume 81, February 
1951, pages 378-80. 


875. Ferrites: New MaGnetic MATERIALS FOR 
COMMUNICATION ENGINEERING, V. E. Legg. Bell 
Laboratories Record, volume 29, May 1951, pages 
203-06. 


876. HicH SATURATION MacGnetic ALLoy WITH 
RECTANGULAR Hysteresis Loop, J. F. Libsch, E. 
Both. Electrical Engineering, volume 70, May 
1951, pages 420-21. 


877. Macnetric AMPLIFIERS VOLTAGE REGU- 
LATOR. Magnetic Amplifiers, Inc. (Long Island 
City, N. Y.), (Memo-EM234-1951), 1951. 


878. Some GENERAL PROPERTIES OF MAGNETIC 
AmpLiFiprs, J. M. Manley. Proceedings, Institute 
of Radio Engineers, volume 39, March 1951, pages 
242-51. 


879. THe Use or SATURABLE REACTORS AS 
DiscHARGE DeEvIceES FOR PULSE GENERATORS, 
W. S. Melville. Proceedings, Institution of Elec- 
trical Engineers, volume 98, part 3, May 1951, 
pages 185-89. 


880. SaTruRABLE REACTORS AS SUBSTITUTES FOR 
ELECTRON TUBES IN HiGH SPEED DiciraL Com- 
PuTERS, J. G. Miles. Conference Paper, Institute 
of Radio Engineers National Convention, New 
York, N. Y., March 1951. 


881. AmpLisTAT CIRCUITS FOR VOLTAGE CONTROL 
or Power Recririers, M. J. Mulhern. General 
Electric Review, volume 54, May 1951, pages 27-33. 


882. FERROMAGNETIC CORES FOR THREE-DIMEN- 
SIONAL DiGITAL STORAGE ArRRAys, W. N. Papian. 
Conference Paper, number 88, Institute of Radio 
Engineers National Convention, New York, N. Y., 
March 1951, 


883. A 300- ro 4,000-KiLocyveLe ELECTRICALLY 
TuNeED OscriLviator, A. I. Pressman, J. P. Blewett. 
Proceedings, Institute of Radio Engineers, volume 
39, January 1951, pages 74~77. 


M. Kincaid, 
Electronics, volume 24, 


884. ON THE MECHANICS OF MAGNETIC AMPLIFIER 
Operation, R. A. Ramey. Naval Research 
Laboratory Report, number 3799, January 22, 
1951. 
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885. Tue Macnetic AmpuLirieR (book), J. H. 
Reyner. Stewart and Richards, London, England, 
February 1951. 


886. TRANSIENT RESPONSE OF SELF-SATURATING 
Macnetic AMPLIFIERS, E. J. Smith. Conference 
Paper, Institute of Radio Engineers National 
Convention, New York, N. Y., March 1951. 


887. How Macnertic AMPLIFIERS OPERATE, G. 
H. Stearley. Product Engineering, volume 22, 
January 1951, pages 132-36. 


888. TRANSIENT RESPONSE OF SATURABLE RE- 
actors WirH Resistive Loap, H. F. Storm. 
AIEE Transactions, volume 70, part 1, 1951, 
pages 95-102, also Hlectrical Engineering, volume 
70, May 1951, page 442. 


889. Macnetic AmMpLiFieRS—A RISING STAR IN 
Navat Contro: EgureMent (pamphlet), A. M. 
Vincent (United States Navy). Navy BuShips, 
Electronics Design and Development Division, 
Code 815, Washington, D. C. 


890. MacGnetic DeLay-Line Srorace, A. Wang. 
Proceedings, Institute of Radio Engineers, volume 
39, April 1951, pages 401-07. 


891. A SimpLreE MacGnetic MopuLaToR FOR 
CONVERSION F Miuttivort D-C Sienats, G. 
Wennerberg. Electrical Engineering, volume 70, 
February 1951, pages 144-47. 


892. Some Aspects oF MaGNetic AMPLIFIER 
TecuNIQUE, R. Willheim, F. E. Butcher. Confer- 
ence Paper, Institute of Radio Engineers National 
Convention, New York, N. Y., March 1951. 


ADDENDA 


893. DescRIPTION OF A GRAPHICAL METHOD OF 
CALCULATING A TRANSDUCTOR (Special Technical 
Report, number 8), Lt. H. Allam. Royal Navy 
472.5, British Naval Gunnery Mission. 


894. Reactor DRIVE FOR OPERATION OF FUEL 
Pumps, Askania Regulator Company, Supplemen- 
tary Report on Contract NObs-20970. 


895. Final Report Number 864, BIOS, 
numbers 1 and 7, M-473-47. 


896. TRaNnspucTtors: D-C ConrroL_LeD SaTu- 
RABLE REACTORS FOR MAGNETIC AMPLIFIERS (Re- 
port EL 1433), A. G. Milnes. Royal Aircraft 
Establishment. 


Item 


897. Macnetic AMPLIFIER INSTRUMENT AMPLI- 
FIER (USN Contract—49), R. E. Morgan, L. H. 
Gottlebsen. 


898. Macneric AmpLiriers (Technical Report 
OANAR 39-47), Office of Naval Research (London, 
England). 


899. A HicH Grain MaGNetic AMPLIFIER TO 
OPERATE A RELAY IN AN ELECTRONIC TORQUE- 
METER Circuit (Report EL 1411), Royal Aircraft 
Establishment (Farnborough, England). 


900. Macnetic AMPLIFIER VOLTAGE REGULATOR 
(Navy Contract Memo EM 234), A. A. Sterk. 


901. Furx Pump Reacror Drive (Final Re- 
port), Applied Science Research Laboratory, 
University of Cincinnati, Cincinnati, Ohio. 
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On the Control of Magnetic Amplifiers 


R. A. RAMEY 


MEMBER AIEE 


N A recent paper! the author proposed 

a new theory of magnetic amplifier 
operation and showed how this theory 
could be used to predict many new types 
of magnetic amplifier configuration. This 
theory is based upon a realistic approach 
to the treatment of the two major non- 
linearities inherent to the ferromagnetic 
materials used in magnetic amplifiers— 
saturation and loop magnetization char- 
acteristics. It is known that the level of 
magnetization of a magnetic material in 
its unsaturated state is not uniquely de- 
termined by the magnetomotive force ap- 
plied to its windings. On the contrary the 
loop character of the magnetic charac- 
teristics of the important ferromagnetic 
materials destroys any single-valued de- 
pendence and makes this dependence al- 
most indeterminate. It is suggested that 
the history of the reactive voltage across 
a winding of a magnetic amplifier core 
be used to determine uniquely the mag- 
netization level. The control or inde- 
pendent variable exhibits its influence in 
the form of a voltage. The control circuit 
current is a variable dependent upon the 
circuit configuration, parameter charac- 
teristics, auxiliary circuitry, and control 
variable. 


From consideration of the relatively 
elementary nonlinear physics involved 
one can practically tailor an amplifier 
circuit to his particular problem. There 
can be many variations falling quite 
logically within the outlines of the theory. 
This paper has as its subject some of the 
many possible control elements and will 
be illustrated experimentally by a single- 
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core magnetic amplifier electronically 
controlled. The subject of investigations 
yet to be reported is the application of the 
theory to consideration of other elements 
of magnetic amplifier circuits and some 
new constraints which may be usefully 
imposed in conjunction with the mag- 
netic constraints. 

The single-core magnetic amplifier used 
for a basis of illustration is not necessarily 
the most useful configuration. It does, 
however, represent a convenient vehicle 
for highlighting many of the theoretical 
concepts involved and does represent a 
startling deviation from ordinary mag- 
netic amplifier practice. Most of the 
conclusions attained are applicable to 
multiple-core amplifiers. This amplifier 
circuit is shown in Figure 1 with its con- 
trolled element and magnetizing element 
in one of the appropriate configurations 
for resistive load and 1-cycle response and 
with its control element in an unspecified 
configuration which will prove useful in 
demonstrating the operating principles. 

The author’s use of the word element 
with reference to amplifier segments sup- 
plies a means by which various circuit 
functions may be conveniently separated. 
Generally a controlled element, Figure 
1, consists of a source of electric power, a 
load and whatever other parameters are 
needed for desired operation. The mag- 
netizing element ordinarily derives some 
electrical function from the controlled 
element and applies it, after appropriate 
transformation and scale change, to the 
control circuit. In multiple-core mag- 
netic amplifiers the saturable trans- 
formers may be made to take over some or 
all of the functions of the magnetizing 
element. A control element is ordinarily 
a passive circuit parameter or an active 
parameter in combination with linear 
and/or nonlinear parameters and in each 
case contains an independent electrical 
variable. A gating element is ordinarily 
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aE] 


one or more saturable transformers or 
autotransformers. An auxiliary element, 
not illustrated in Figure 1, is an added cir- 
cuit or circuit segment providing an ad- 
ditional function, for example, compensa- 
tion for rectifier leakage or magnetization 
loop width, rectifier blocking, et cetera. 

A type of single-core magnetic amplifier 
is used for illustration since its various 
circuit elements can be clearly separated 
and studied and since its transient opera- 
tion reaches steady state within a cycle. 
Most conventional magnetic amplifiers 
have their circuit elements so closely inte- 
grated as to make separation of function 
difficult and analysis of transients re- 
quires consideration of several cycles. 
To further simplify the analysis it will be 
assumed that the core material is of the 
rectangular loop type similar to Delta- 
max, Orthonol, et cetera Figure 2(B), 
with complete saturation at a very low, 
but definite, value of magnetomotive 
force and the rectifiers are ideal (no for- 
ward voltage drop and no reverse cur- 
rent). The magnetizing element will be 
a transformer with turns ratio the same 
as that of the gating transformer. The 
magnitude of the a-c voltage is assumed 
to be the maximum the gating trans- 
former can absorb without saturation. 


Circuit Operation 


The operation of the single-core mag- 
netic amplifier is essentially the same as 
the operation of a single transformer in 
any other magnetic amplifier. During 
one period of time its core is caused to 
saturate and allow output current to 
flow. In the examples to be discussed this 
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Figure 2. Theoretical transient flux-current- 
voltage relations for shorting of control element 
position 


saturation will be considered controlled 
by the a-c line voltage. During a suc- 
ceeding period of time its core is caused to 
reset by an amount dependent primarily 
upon the control circuit functions. With 
resistive loading these periods of time 
can be easily visualized. During one 
half-cycle, saturation occurs; during the 
succeeding half-cycle, controlled reset oc- 
curs. 


A mathematical discussion of an ex- 
ample of this circuit type has been pre- 
sented! and will not be iterated here. 
However, the physics of this circuit 
operation bears discussion since the de- 
sign or choice of control elements will be 
dependent upon the physical factors in- 
volved. This discussion is nonmathe- 
matical but rather is implemented by 
simultaneous reference to a set of dia- 
grams. For any given figure: (a) de- 
notes circuit configuration, (b) describes 
instantaneous core saturation and (c), 
(d), and (e) show instantaneous voltages 
and currents. 


To facilitate a general discussion of con- 
trol elements it will be useful to describe 
circuit operation with the control element 
position short circuited, Figure 2. From 
consideration of the dictated modes of 
operation one can describe useful control 
elements. 

To establish initial conditions, let it be 
specified that the magnetic core is in un- 
saturated condition 1, Figure 2(B), at the 
instant the a-c voltage is applied at the 
beginning of a positive half-cycle. The 
instantaneous polarities are shown in 
Figure 2(A). The following is a verbal 
description of subsequent nonlinear oper- 
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ation which sets a pattern by which suc- 
cessive figures can be analyzed. 


First Half-Cycle 

The a-c voltage is immediately applied 
to the gating transformer. The current 
I, flowing in the gating circuit, Figure 2 
(C), will be limited to that designated by 
the magnetization characteristic of the 
cores J;,, Figure 2(B). The current in the 
control circuit will be considered zero 
with /, equal and opposite to Hg,’. Ac- 
tually the magnetizing current during this 
period can flow in either or both circuits 
depending upon parameter values. 

When sufficient voltage integral is ap- 
plied (one-half of the a-c voltage inte- 
gral) the gating transformer saturates at 
3, Figure 2(B); its terminal voltages be- 
come zero (regard the assumptions). 
The a-c voltage is now applied to the gat- 


CIRCUIT 


Rg Re = Rd+Rb 


INDEPENDENT VARIABLE TINE —= 


Figure 3. Theoretical transient flux-current- 
voltage relations for step change of control 
element resistance 


ing circuit resistance Ry, causing appro- 
priate output current to flow. The cur- 
rent flowing in the control circuit will be 
of the same sinusoidal function but its 
magnitude will be dependent upon the re- 
sistance inherent to the control circuit, 
Ra. It is pointed out that this relatively 
large counterclockwise control circuit 
current during a conduction period con- 
tributes nothing to the output quantity, 
does not affect the magnetization level 
and yet loads the control element. These 
currents become zero at the end of the 
first half-cycle and the flux level in the 
core is at saturation position 5. 


Second Half-Cycle 


The polarities of voltages H,,and E,,’ 
now reverse. H,, cannot be applied to the 
gating transformer in this phase since the 
rectifier prevents the flow or current in 
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this direction. Hg,’ can however appear 
as H, and induce voltage £, in the gating 
circuit. #, can be no more than equal to 
Eqe under the conditions imposed upon 
the examples to be considered so no cur- 
rent flows in the gating circuit. The cur- 
rent in this control circuit would be J, 
while the magnetization level changes 
from 6 to 7. This mode of operation will 
be called reset. J, equals J, if all circuit 
components are ideal. Complete reset is 
approached at the end of second half- 
cycle. The integral of voltage I,Rq dur- 
ing this period prevents complete reset. 


Third Half-Cycle 

The polarities of the voltages become 
positive and the a-c voltage is applied 
again to the gating transformer. Now 
practically the whole half-wave of a-c 
voltage is needed to change the core’s 
magnetization level from 8 to 3. The 
current in the gating circuit is again Typ, 
and the current in the control circuit zero 
before saturation. The angle of firing 
will be such as to make the average volt- 
age in the control circuit zero in this 
steady-state operation, 


Succeeding Half-Cycles 


Operation in succeeding half-cycles re- 
peats that of the second and third half- 
cycles since steady-state conditions have 
been attained. 

The two phases of operation being 
dictated to this circuit are: (1) during 
positive half-cycles the gating trans- 
former core is caused to saturate by ap- 
plication of part of the integral of the a-c 
line voltage; subsequent to this satura- 
tion, output current flows along with a 
nonessential control circuit current and 
(2) during negative half-cycles the gating 
transformer core is caused to reset an 
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Figure 4. Theoretical transient flux-current- 
voltage relations for application of Es 
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amount dependent upon the integral of 
the magnetizing voltage and whatever 
other voltages are present in the control 
circuit, The degree of reset is inversely 
proportional to the output quantity, Con- 
trol of this circuit can be exercised by al- 
most any type of control element which 
will influence this degree of reset of the 
saturable transformer. 

It is important to note that, for the 
functioning of the circuit being considered 
the clockwise flow of current J, in the con- 
trol circuit need not exceed the mag- 
netizing current J, and the counterclock- 
wise flow need never exist at all. In the 
interest of keeping circuit gain at as high 
a level as possible one could use nonlinear 
parameters in the control element which 
would seek to limit the current in the 
counterclockwise direction without ma- 
terially affecting its flow in the clockwise 
direction, However, choice of parameter 
will ordinarily be predicated upon an 
engineering evaluation of each problem, 
There are many possibilities of such 
parameters and two which seem to show 
practical promise in the present state of the 
art will be used for illustration, A recti 
fier, shown in dashed outline in Figure 3, 
or a rectifier combination, Figure 5, 
could be used to limit current to unidirec- 
tional flow or limited bidirectional flow 
and a reactor combination, Figure 8 
could be used to limit current in bidirec- 
tional flow. Resistance, igure 4, would 
ordinarily be used in more conventional 
versions of this circuitry, 


Variable Resistance as a 
Control Element 


The effect of the normally-small con- 
trol circuit resistance has been noted, 
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In effect, the control circuit current J, 
produced a voltage drop across Ra which 
subtracted from /,,/ and prevented full 
reset of the saturable transformer core, 
This resulted in output current propor- 
tional to /'/,Ry for the reset period. Ifa 
variable resistance, Ry, is placed in the 
control element position, Migure 8, the 
output quantity would be varied through- 
out its range by variation of Ry. The 
functional relationship /, would bear to Ry 
would be dependent upon all the param- 
eters affecting J,. If, however, one con- 
siders rectifiers to be perfect and the 
magnetization loop represents the ma- 
terial for all rates of magnetization the 
magnetization current J, would indeed 
be Iq. 

Since J, and J, would be constant 
during reset the integral of J,R, would be 
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Figure 6, Theoretical transient flux-current- 
voltage relations for application of E,((2= 90°) 
to thyratron grid 


a readily calculable function of Ry. The 
effective control voltage 7, would be a 
sinusoid truncated at Im(Ryp+-Ry). The 
average output current J; would be pro- 
portional to the average control clement 
voltage /, during the reset half-cycle, 
During the gating half-cycle a rectifier 
would prevent control circuit current if 
inserted as shown in Figure 3, 


Tigure 8 shows the voltage-flux-cur- 
rent relations in a transient resulting from 
a step change of control variable R». 
The resulting transfer characteristic is 
shown in Figure 9, Initial conditions are 
the final conditions of the example of 
Higure 2, The response time is again less 
than a eycle as dictated by the choice of 
the magnetizing element and controlled 
element combination, 
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Figure 7. Theoretical transient Alux-current- 
voltage relations for application of E, to triode 
grid 


Voltage Source as a Control Element 


RESISTANCH AS SHRIHS PARAMETER 


For continuity of thought the resistance 
Ro= Ry-+- Ra of the previous example will 
be used as the control circuit resistance 
and the initial conditions of this example 
will be the final conditions of the previous 
example. The same graphical analysis 
procedure is used, 

It can be readily visualized that the 
existence of any voltage in the control 
element in addition to that due to JR, 
will directly affect the reset level. For 
example, if 1, Figure 4, were equal to 
IR, the effect due to the resistance dur- 
ing the reset period would be negated. 
A transient picture for application of the 
conditions described above is shown in 
Vigure 4, The resulting transfer charac- 
teristic is shown in Figure 9, The ap- 
plication of an a-c voltage would result in 
different shapes of transfer characteristic 
depending upon the nature of the a-c 
voltage, The response time would remain 
the same, 

The steady-state condition of 7, equal 
to a theoretically constant J, is charac- 
teristic only of the zero-output condition 
deseribed, 

The literature is replete with examples 
of this type of control, Ordinarily a dif- 
ferent magnetizing function is utilized 
allowing a longer response time, One of 
the most unfortunate features inherent to 
this control element is its dependence 
upon parameter stability, 


RNCTIMIERS AS SPRINS PARAMETERS 
An analysis of this control element has 
been published! for control with single 
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Figure 8. Voltage source as control element 
with reactors as series parameters 


rectifiers and will not be repeated here. 
Controlled element rectifier leakage would 
not alter the transfer characteristic so 
long as this leakage does not exceed J. 
Limited bidirectional flow of control cir- 
cuit currents can be accomplished by use 
of a rectifier combination such as shown 
in Figure 5. This circuit limits current 
flow to a maximum value J, in one direc- 
tion and J» in the other direction as des- 
ignated by the current sources ‘‘A’”’ and 
“B”’. This allows controlled circuit recti- 
fier leakage to exceed the magnetization 
loop width to the value of the counter- 
clockwise control circuit current limit 
before the transfer characteristic would be 
appreciably altered. 

Figure 5 shows theoretical flux-voltage- 
current relations for application of £; 
in a circuit composed of ideal parameters. 
For initial conditions the beginning of a 
magnetizing (negative) half-cycle and core 
condition 5 are assumed. The effect of 
control circuit resistance is assumed to be 
negligible or negated. E, is chosen a 
sinusoid of the same frequency as Z,,’ but 
of opposite phase. This choice is dictated 
by a desire to maintain essentially the 
same conditions of operation as required 
before, that is, core magnetization during 
gating by controlled element and core 
magnetization during reset by control 
circuit. With current limiting and ap- 
propriate control circuit voltages all 
magnetization currents could be carried 
by the control circuit. The results of this 
type of operation are now being analyzed 
together with auxiliary circuitry useful in 
altering the resulting transfer charac- 
teristic. 


REACTORS AS SERIES PARAMETERS 


A considerable degree of practical suc- 
cess has been achieved in the laboratory 
by using reactor combinations for current 
limiting in control elements with a-c con- 
trol voltage. An example of this type of 
circuit is shown in Figure 8. The series 
reactor combination is designed in such a 
way as to require larger magnetizing cur- 
rent than that of the gating transformer. 
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Figure 9. Theoretical transfer characteristics 


Normal magnetization current for the 
gating transformer flows through an ap- 
propriately designed reactor combination 
without appreciable reactive drop. A 
small current J, biases the reactors such 
that their combined magnetization char- 
acteristic has a definite break at zero. 
This condition, as well as the use of only 
a-c voltages, helps prevent undesired 
saturation of the reactors. 

Operation of this circuit is similar to 
that of bidirectional current limiting by 
rectifiers. Transients do occur in the 
reactor combination flux level but these 
do not appreciably affect the response 
time or transfer characteristic of the cor- 
rectly designed amplifier. 


Thyratron as Control Element 


As indicated earlier, any variable which 
will alter the degree of reset of the satu- 
rable transformer core may be inserted as 
a control element. The thyratron offers 
an interesting example. Before break- 
down a thyratron would prevent reset; 
after breakdown, reset would be a func- 


Figure 10. 


Experimental amplifier with triode 
control 


Ramey—Control of Magnetic Amplifiers 


tion of E,,’. The plate voltage of the 
thyratron is a known function (,,’) be- 
fore breakdown so control of firing time 
can be readily accomplished, particularly 
by a grid signal whose phase is the inde- 
pendent variable. Output reproducibility 
depends upon thyratron stability. 

Figure 6 shows the flux-voltage-cur- 
rent relations resulting from the sudden 
application of a grid voltage phase which 
allows thyratron firing at 90 degrees in the 
a-c wave. Initial conditions are as be- 
fore with core saturation at 5 at the be- 
ginning of a reset period and the circuit 
parameters are considered ideal. 

The transfer characteristic would be a 
cosinusoidal function of the thyratron 
firing angle, Figure 9, and the response 
time would again be less than a cycle of 
the a-c line frequency. 


Triode as Control Element 


Another useful device for altering the 
degree of reset is the triode. It is per- 
haps one of the most useful of elements 
when considerable power needs to be con- 
trolled by the output of a small elec- 
tronic device. For a given grid bias the 
idealized plate characteristics of a triode 
very closely approximate those of a volt- 
age and single rectifier. There is, how- 
ever, an important difference. The in- 
dependent variable, Z;, which controls E, 
when plate current exists is applied as a 
negative signal to the high impedance 
grid. The power gain of such combina- 
tion could be made astronomical. 

Figure 7 shows the theoretical flux- 
current-voltage relations existing in tran- 
sient after a single rectified half-cycle of 
a-c line frequency and phase is applied to 
the grid of the triode during reset. The 
initial conditions are those of the previous 
example. If this signal is repeated in 
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each cycle, steady-state current J, will 
flow; if the signal is not repeated, the 
single pulse shown will represent the total 
output. Programmed pulses on the input 
will be reproduced in the load with only a 
half-cycle phase shift. 

A 60-cycle amplifier of this type was 
constructed for demonstration, Figure 10. 
The time required for 100 per cent re- 
sponse is less than a cycle as predicted. 
Experimental transfer characteristics for 
rectified a-c and d-c control are shown in 
Figure 11. The output power is more 
than 35 watts and the control element a 
6AQ6 miniature voltage amplifier triode 
whose grid power is practically immeasur- 
able. This is by no means an optimum 
design and the capabilities of the tube 
are not even approached. The transfer 
characteristics show the same general 
forms predicted theoretically, Figure 9. 


REMARKS 


The foregoing illustrations have iter- 
ated and reiterated one principle of opera- 
tion: amplifier output is determined by 
the effective control element voltage dur- 
ing a single reset half-cycle. From con- 
sideration of the idealized and somewhat 
stylized examples one can draw some in- 
teresting conclusions. 


Control circuit current is not related to 
the output quantity except by indirec- 
tion. This current is more directly re- 
lated to such factors as rectifier leakage, 
core loop characteristics, and the type of 
parameter used in the control element. 
Whenever the control voltage £, during 
reset is affected by variations of J, the 
output quantity will be similarly affected. 
It will be noted that in several of the 
illustrations the magnitude of the con- 
trol circuit current is not considered as 
affecting E,. On the other hand, the use 
of the resistive control element required 
E, to be effected by J,. 

The response time of this circuit will re- 
main less than one cycle so long as no de- 
lay is introduced in the control element. 
This response time is a flinction of the 
magnetizing element utilized and is not 
considered within the scope of this paper. 

The average value of a-c voltage ap- 
plicable to the load is directly determined 
by the average value of /, during reset. 
This gives rise to several types of transfer 
characteristic depending upon the type of 
control voltage H; used. Theoretically, 
linear relations exist between an a-c volt- 
age E,, E,, and the output quantity. Ap- 
plication of a d-c voltage EF, results in an 
E, of the form of a truncated sinusoid 


ei 


(E, is not considered as exceeding E,,’) 
with consequent nonlinear transfer char- 
acteristic. Generally a-c control gives 
good linearity throughout the range and 
d-c control gives higher initial transfer 
characteristic slope and poorer linearity 
Figures 9 and 11. Phase control of the 
application of £,,’ during reset results in a 
cosinusoidal relationship between the 
angle at which such application occurs 
and the output quantity, Figure 9. The 


output quantity is actually a voltage in- 
tegral but precedence requires it be in- 


dicated as an average current. 

It is rather directly discernible that — 
ideal parameters offer clean-out solutions. 
However most problems involve the use of 
rectifiers and magnetic materials which 
do not more than approach these ideals. 
It is an engineering problem to recognize 
the inherent deviations and to prevent 
them from affecting the desired results in 
more than a second order manner. When 
E, is not allowed to be affected by J, 
this can usually be accomplished with a 
high degree of success. 


Reference 


1. On THE MECHANICS OF MAGNETIC AMPLIFIER 
Operation, R. A. Ramey. AIEEE Transactions, 
volume 70, part II, 1951, pages 1214-23 


2128 


No Discussion 


Ramey—Control of Magnetic Amplifiers 


AIEE TRANSACTIONS 


i] 
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Magnetic Amplifier 


LOUIS A. PIPES 


MEMBER AIEE 


Synopsis: This paper presents a mathe- 
matical aualysis of an idealized series- 
connected magnetic amplifier based on cer- 
tain simplifying assumptions. The methods 
of nonlinear mechanics are used to obtain 
expressions for the input and output cur- 
rents in the transient and steady state. 
Considerable attention is given to the prob- 
lems of the existence and nature of time 
constants associated with the series-con- 
nected amplifier. 


N RECENT years magnetic amplifiers 

have been used more and more ex- 
tensively as reliable substitutes for 
vacuum tube amplifiers. The general 
principles upon which the operation of 
magnetic amplifiers depends have been 
known for over 50 years. 

In the early literature the magnetic 
amplifier was more commonly known 
as the d-c excited reactor. It is only in 
more recent publications that the name 
magnetic amplifier has been used. A 
magnetic amplifier is an arrangement of 
saturable reactors and metal rectifiers 
that behaves as an amplifier of steady or 
varying d-c input power. Many inves- 
tigators have, in recent years, developed 
the steady-state theory of magnetic am- 
plifiers. In these treatments the de- 
velopment of the theory is based on sim- 
plified idealized circuits and magnetiza- 
tion curves. : 

In this paper, a mathematical analysis 
of an idealized series-connected mag- 
netic amplifier in the transient state is 
attempted. In the course of the investi- 
gation, it was found that in considering 
the transient state it is not possible to 
neglect the resistance of the windings of 
the amplifier as is commonly done in in- 
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vestigations of the steady state. The 
methods of nonlinear mechanics have 
been applied to the solution of the dif- 
ferential equations that describe the 
dynamic behavior of the amplifier and 
certain methods of estimating the time 
constant of the amplifier under considera- 
tion have been developed. 


The Basic Equations of the Circuit 


The basic equations of the circuit of 
Figure 1 are obtained by an application 
of Kirchhoff’s voltage laws and Ampere’s 
circuital law for the electric and mag- 
netic loops. The equations are 


. doa doo 
JOR OU Ny {| 
0 wat (3 +) (1) 
d d 
Exist (bier Diet Ne (“42% (2) 
Nit + Note =lHg (3) 
Nii: — Noi2=1Hp (4) 


where H, and Hy, are the magnetic inten- 
sities of cores a and b, ¢, and ¢y are the 
magnetic fluxes in the corresponding 
cores, R; and R, are the resistances of the 
windings N; and Nz (turns), and / is the 
mean length of the magnetic path of the 
two cores. The remaining quantities are 
indicated in Figure 1. 

In order to carry out a mathematical 
analysis, it is necessary to postulate an 
analytical relation between H and ¢ of the 
cores. An analytical expression that may 
be adjusted to fit the experimental curves 
of a large class of materials is 


H=h +k” = F(¢) (5) 


where #; and k, are constants and the- 
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number 7 may usually be given the values 
n=3, 5,9, 11,15. In the present analysis 
the value 2=3 will be taken; however, 
the procedure may be modified to take 
account of other choices of values for the 


number 7. , With the choice n=3. 
Ha=kida+kopa* (6) 
and 

Hy =kigy +hepo$ (7) 


We now have a complete set of equa- 
tions in order to determine the transient 
and steady-state currents 7; and 72. 


Separation of the Variables 


To simplify the analysis let it be as- 
sumed that 


N, = No — N (8) 
Ri=R,=R (9) 
With this assumption 


d d 
Bom anirt n( e426) 


10 
dt dt ) 


and 


(11) 


doa dd» 
és 4 Se) 


Em sin (wt) =2Ri +N 


If these equations are solved for 1, and 
te 


N (dea. d 
es Eo _ pa *) (12) 
2R 2R\ dt dt 
and 
sin (wt) N (dda 2) 
oe as : 13 
BS 2( quand Us) 


It is thus seen that to obtain 7, and 12 
the variation of dd,/dt and d@,/dt as func- 
tions of time must be determined. In 
order to do this it is necessary to separate 
the variables and obtain an equation in $, 
and another one in ¢» alone. To do this 
add equations 10 and 11 and obtain 
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Eat+Em sin (wt)=2R(ti+t)+2Ne¢a (14) 
However, from equation 3 
N(ii+i2) =lHa (15) 
or 

1H, 
(ati)=— (16) 


Tf this is substituted into equation 14, 
one obtains 


dée Ria Eo+Em sin (wt) 
dt N? 2N 


(17) 


H, may now be eliminated by the use 
of equation 6 and equation 17 may be 
written in the following form 


déa | Ri 4) _ Zot Em sin (wt) 
apt ya hide t haba!) = 


(18) 
In the same way, if equation 11 is sub- 

tracted from equation 10 and equations 

4 and 7 are used, one obtains 

dos RI E,—Enm sin (ot) 


— +—(kidp +kadp*) = 


19 
aly N= 2N G2) 


Equations 18 and 19 are the desired 
equations with the variables separated. 
These equations are nonlinear differential 
equations of the first order. The im- 
portance of the resistance term is apparent 
from the equations. It does not appear 
justifiable to neglect the resistance terms 
as has been done by many writers on the 
theory of magnetic amplifiers. 


Qualitative Discussion of 
the Time Constant 


Before considering the solution of the 
general problem, it is instructive to con- 
sider the notion of the time constant of a 
magnetic amplifier in a qualitative man- 
ner. 


In the absence of nonlinearity of the 
H,¢ curve, equations 18 and 19 are of the 
form 


dg 1 F 
ay t= 5 +E, sin (wt)] (20) 
where 
Rik, 
a= (21) 


The free growth or decay of the mag- 
netic fluxes of the cores are governed by 
the homogeneous equation 


dg 
FP he oe) (22) 


If at t=0 we have ¢=@p, then the 
solution of this equation is of the form 
d=d¢oe (23) 


In the usual linear discussions involving 
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INPUT CIRCUIT 


Lecce CORE a UCC 
Pa CORE b ¥b 
Teccea Lecce 


OUTPUT CIRCUIT 
Emsinwt 


Series-connected magnetic ampli- 
fier 


Figure 1. 


time constants, a time constant, TJ, is de- 
fined by the equation , 


aT=1 (24) 
or 
1 yeite 
Se 25 
a Rik; ( ) 


This is a measure of the rapidity with 
which transient disturbances build up or 
decay. In this linear case 


H=ho (26) 


where &; is a measure of the initial slope 
of the H,¢@ curve. The initial inductance 
of the circuit is 


N? — N*Sys 
Tk, 1 


(27) 


where S is the cross-sectional area of the 
magnetic cores and uz is the initial per- 
meability of the magnetic core material. 
It is thus seen that the time constant in 
the linear case varies directly with the 
initial permeability of the magnetic ma- 
terial. 

The nonlinear H,¢@ curve may be rep- 
resented by the equation 


H=hkigt+kg" (28) 


where 7 is an odd number. In this case 
equations 18 and 19 reduce to an equation 
of the type 


d¢ Rl my 

at typlhib + kat )=0 (29) 
for the free growth or attenuation of the 
fluxes in the cores. This equation is of the 


form 


dx/dt+ax+bx"=0 (30) 
where 
Rik; 
a (31) 
V2 (32) 
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Equation 30 may be written 


dx 


=> =- 33) 
ax+bx” a (si 
This may be integrated by placing 
(34) 


m=(n—1) 


and using the following formula G 


dx in x" ) 
x(a+bx™) am \a+bx™ 


Equation 33 upon integration becomes 


(35) 


«™ 


(a+bx") 
where K is an arbitrary constant. This. 


may be written in the more convenient — 
form 


—amt 


(36) 


ais -—a Ceo™ (37) 
x 7 
or 
a 
aie (cmt) (38) 


where C is an arbitrary constant. If 
x=Xq at =f, and t=0, then 


a a+bx” 
Xo Xo” 


(39) 


If this is substituted into equation 38 


a 
fe 2 ee ee 40 
= laa” Foe ee 
Clearly, the rate of decay depends upon 
the initial condition «. An interesting 
case is the one in which the H,¢ curve 
may be represented by a high power term 


alone so that 
H=hk2¢" (n odd) (41) 


In this case, the equation to be integrated 
is 


dx/dt+bx" =0 (42) 
or 
3 =—bdt (43) 


Now if x=2 at f=0, 


eae ey a =) 
B(a—1)\e"" ma"! 


For example let »=5 and suppose it is re- 
quired to determine the time required so 
that x should drop to one-third its initial 
value, then 


(44) 


(45) 


= ‘ oe 


and 


T= (81/4 1/0!) =20 bo! (46) 
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Note that the time required for the de- 
cay is a function of the initial conditions 
and of the values of and b. The fact 
that the rates of decay in the nonlinear 
case are functions of the original excita- 
tion makes it rather difficult to define a 
time constant in a precise manner. In 
the linear\case the time of decay to a frac- 
tional part of the initial value is inde- 
pendent of the initial value. 


The First Approximation Theory 
of the Nonlinear Case 


Return, now, to equations 18 and 19 
and consider an approximate method for 


the solution of these equations. These 

equations are of the form 

we + ode tbgat= A+B sin (at) (47) 

and 

> + ay tgp =A — Drei (a) (48) 

where 

pees (49 
 N®  N*Spp 


in this expression p> is the initial per- 
meability of the core material and S is the 
cross-sectional area of the cores. 


Rik 


“a (50) 
A== (51) 
pat (52) 


Equations 47 and 48 may be written in 
the form 


d¢q/dt=A +B sin (wt) —ada—b¢a* (53) 

and 

doy /dt=A—B sin (wt)—ady—bdo? (54) 
Now as a first approximation take 

doa/dt+aga=A+B sin (wt) (55) 

dp /dt+-a¢o1=A —B sin (wt) (56) 


The solution of these equations, subject 
to the initial condition that at t=O, 
$ai= ni = 0, are 


by ) Ba EE fan aa 


Zz wZ 
(87) 
and 
_ A(i-e~“) oar, sin al 
ioe a - Bf zZ is oZ 
(58) 
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H=F (¢) 


| 
N(Eot4Eo) 
2RL 


Figure 2. Curves for the graphical deter- 
mination of the time constant 


where 


@= tan— (w/a) and Z=~V/a?+o2 (59) 


To obtain the first approximation for 
d$,/dt and d¢,/dt substitute equations 57 
and 58 into equations 53 and 54 and ob- 
tain 


dgq/dt=A +B sin (wt)—agai—bdar®_ (60) 
and 
d¢y/dt=A —B sin (wt)—agdm—bgni* — (61) 


Let U(t)=(1—e—), then 
doa /dt= A+B sin (cot) —A U(t)— 


e “sin (wt—@ 
B =. Bes he 
: | Ze “ wZ 


ie 


{o+ad aaa ee meld (62) 


Zz wZ 


In the same manner, or by replacing B by 
—B in equation 62 


d¢p/dt=A —B sin (wt)—A U(t)+ 


€ sin (wt—@) 
abel ee bx 


e “sin (wt—6) | 8 
{44 -B| Za seen] (63) 


The control current, 7;, and the output 
current, 72, are given by 


° Eo doa dp 

“OR — (28 di! dt ) (64) 
and 

° En. doa doo 

4=— OR sin (wt) — (He i + ai ) (65) 


If equations 62 and 63 are added, one 
obtains 


doa doo\ 5, E68: 
(+ 5 a2 2A U(t) sa U%(t)+ 
np. ee mal (66) 
a VA wZ 


The control current is obtained by sub- 


Pipes—Analysis of an Idealized Series-Connected Magnetic Amplifier 


stituting equation 66 into equation 64 and 
is 
U(t) _bNAU(E) I, 
h= ae oe aac i+ 
2R aR ee 


52s t= 
[es mT (67) 


wZ 
The steady-state control current is ob- 
tained by placing +> in equation 67. 
Note that 


Limit U(é)=1 (68) 
— 2 
Hence 
. K .bNA! A* , 3B3w* sin? (af —@) ; 
a ORT aR E 2 @*Z? | (9) 
or 
. E Eb] E.3N* 3B. , | 
= si wi—@) 
aOR Rhyl ARTRR ZI ot 
(70) 
Now since 
d 1 
sin? (wt—@)=s[1 — cos (2wi—2¢@)] (71) 
and 
B?=E,,2/4N? (72) 


Equation 70 may be written in the fol- 
lowing form 


;, Fe, Eohsf Et? 

QR RR, (4R2R,? 
3Em? . L 
gaaz cos Soodmd lt (73) 


to the first degree of approximation. In 
the absence of nonlinearity, &s=0 and the 
current reduces to #,/2R as it should. It 
is seen that to the order of the first ap- 
proximation, the current 4 contains a 
second harmonic ripple of the output po- 
tential. 

The output current, #2, now may be ob- 
tained by substituting equations 62 and 
63 into 65. If this is done and some 
algebraic reductions are performed, one 
obtains 
_ Enlkw [e— “+ sin (wt—0)) 


h= 


2N2 wZ 
Emlkse { Emoo* en) fsin ae 
2N2 ) 4N2| Z? wZ 
27724 ea? xc BS 
8E.2U(t)] € sin (wi 2 (74) 
4R]2Ri2 | Z* wZ 


If use is made of equation 68, the steady- 
state current may be obtained from equa- 
tion 74 in the form 

_ Emlky sin (wt—0)  Em'lks sin’ (wt—6) 


~~ 


2N2 Z SN? Zz 
The ci oa 
38EmEo%lks sin (wt—@) (78) 
SR22k 2 NAEXZ 
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To this degree of approximation it is 
seen that the effect of nonlinearity is to 
produce a term in the output current pro- 
portional to the square of the control 
potential. Since 


(3 sin A — sin 3A) 
4 


sin’ A = (76) 
it is seen that the second term of equation 
75 leads to a third harmonic term in the 
output current. 

Equations 67 and 74 for the input and 
output currents are based on the linear 
plus cubic term representation of the 7,6 
curve and the first order term solutions 
of the nonlinear differential equations for 
go, and ¢@,. An examination of equation 
74 discloses the fact that if a change in 
E, is made, then a steady-state is reached 
when the quantity U(t) approaches unity. 
Since U(t)=(1—-e “), it would appear 
that the quantity 


(77) 


is a measure of the rapidity of the re- 
sponse of the magnetic amplifier, and the 
larger the initial permeability, Mo, of the 
core material, the slower the response of 
the amplifier will be. 


Solution of the Nonlinear 
Differential Equations by the 
Perturbation Method 


In this section a more precise solution 
of the nonlinear differential equations 
47 and 48 will be formulated. The stand- 
ard perturbation method so frequently 
used in nonlinear mechanics will be 
used.1,%8 

Both equations 47 and 48 are of the 
form 


dx/dt+-ax+bx'=A-+B sin (wt) (78) 


where a, b, A, and B are defined by equa- 
tions 49-52. Equation 78 may be solved 
by the perturbation method. The per- 
turbation method consists of assuming a 
solution of the following form 


x = X0(t) +dai(t) +b2x2(t) +b8x5(t) +... (79) 


This is a power series in the parameter b. 
If equation 79 is substituted into equa- 
tion 78 obtains the following result 


dx)  bdx, b*dx. b3dxz 
(Gaeee omen )+ 
a(x +-bx1 +b2x2-+b3x34+...) + 
baxro8 +-b°( 3x02x1) +55( 3x12 + 
8x02) +...=+A+B sin (wt) (80) 


This equation must hold for any value 
of the quantity b, and hence every factor 
for each of the powers of b must be zero. 
If all terms containing b to powers higher 
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than the third are neglected, the following 
linear differential equations are obtained 
on equating the coefficients of the various 
powers of b to zero: 


dxo/dt+-ax)=A +B sin (wt) (81) 
dx,/dt+ax; = —xo* (82) 
dx2/dt+ax, = —3x0*x1 (83) 
dx3/dt+ax3 = —3(xox1? +2X0?xX2) (84) 


It will be assumed that A is a constant 
and that at =0, the circuit is at rest and 
that there is no residual magnetism. In 
such a case we have the initial conditions 
that F 


x(0)=0 and %(0)=0 2=0,1,2,3,... (85) 


The solution of the first equation of the 
above set, equation 81, subject to the 
above initial condition is 


COR. te 
Zz +3 sin (wt—@) 


A 
x%=—(1—e “)+Bw 
a 
(86) 
where 
tan @=— and Z = V at+w? (87) 
a 


Equation 86 may be written in the 
following form 


xo= Ky tiga ALI sin (wt —6) (88) 
where 

wo A 
Ki= K=(o-4), K3=5 (89) 
Now 


xo = Ki3+Ky5e * 4K; sin? (wt—6)+ 
6Ki Kye “Ks sin (wt—6)+ 
3[Ki2Kee + Ka Kote 74! 
Kite ** Ks sin (wt—6)+ 
Kye “K;? sin? (wt —0)+KiK3?X 
sin? (wt—0@)+K,2K; sin (wt—0@)]= F(t) (90) 


With this notation, the solution of equa- 
tion 82 


x= = feo Fu )du = — 
o*f" &F(u)du (91) 


On obtaining x)(t), then equation 83 
may be solved and x2 obtained and so on 
In the absence of definite numerical values 
the algebraic manipulations soon become 
formidable. It is apparent from the form 
of the solution that the series equation 79 
converges rapidly. It is evident that the 
transient terms all contain the factor 
e “ or multiples of this factor; it is thus 
apparent that the fundamental time con- 
stant is 


Pipes—Analysis of an Idealized Series-Connected Magnetic Amplifier 


“e 


/f 


(92) 


The perturbation method is a laborious 
one, but if numerical values are available 


it may be applied to differential equations 
of the form 


ef 


d 
Gy rartex"=A +B sin (wt) 


by a modification of the above procedure. 


Once x is determined, then ¢, and ¢y are 


known and the control and output cur- 
rents can be computed from equations 12 
and 13, 


Conclusions 


This analysis is an attempt to study 
mathematically the basic differential 
equations of a series-connected magnetic 


amplifier based on the assumption that — 


the H—®@ curve of the material of the 


cores can be represented by an equation of © 


the type 
H=kip +ho3 


The method presented can be easily 
extended to the case where 


H=khip+kop” (95) 


n being an odd positive integer. The ef- 
fects of hysteresis and leakage are neg- 
lected and no feedback is taken into ac- 
count. 

The analysis indicates that in studying 
the problem from a rigorous point of view 


in the transient state, the effect of the re- 


sistance of the windings cannot be neg- 
lected. The results show that if the con- 
trol potential, E,, is altered, a new steady- 
state is not reached until terms of the 
form ¢€ “ where a=RI/N*Spo tend to 
zero. 


The concept of a time constant applies : 


to nonlinear systems in a qualitative 


manner. In an R, L, linear series circuit, 
the time constant is conventionally taken — 
to be 

Vb, 
To= R (96) 


where L is the inductance of the system. 
For such a system the inductance param- 
eter is defined as 


(97) 


where NV is the number of turns of the in- 
ductor, S the mean cross-sectional area of 
the magnetic path, / the mean length of 
the magnetic path and p the permeability 
of the linear magnetic material of the 
core. 
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(93) 


(94) 


| 


Extrapolation from the linear to the 
nonlinear case cannot be rigorously justi- 
fied but qualitative results may some- 
times be obtained by doing so. Following 
such a procedure one might define an 
equivalent inductance in a qualitative 
manner by computing d¢/dH from equa- 
tion 95 and substituting the result into 
equation 97 and thus obtain 


N2 


L == ares 
a 1(ki+nkop” *) 


(98) 

Such an inductance would not be a 
constant but would be a function of the 
mean operating flux, @. By analogy with 


equation 96 an equivalent time constant 
could be defined by 


N23 


Dr po? Sl ae Be 
equiv Ri(ki--nksb” 1) (99) 
Since 
eps (100) 
1 ae 


where {y is the initial permeability of the 
core material, it can be seen that if the 
B versus H curve of the material rises 
very rapidly, then k;—0 and equation 99 
reduces to 


N?2 


Rinkzg” * cy) 


anti, — 


Equation 101 is a possible qualitative defi- 
nition for a time constant. Since it de- 


- pends on the existing value of ¢, the mean 


operating flux might be taken for ¢ in the 
equation to obtain an order of magnitude 
of the time constant defined in this man- 
ner. Another approximate method for 
computing the time constant is given in 
the appendix. 


Appendix 


A Suggested Method for Determining 
the Time Constant of a Series- 
Connected Magnetic Amplifier 


The equation governing the flux distribu- 
tion of the cores is of the form 


(102) 


where F(¢#) expresses the H versus ¢ relation 
of the material of the cores. To simplify 
the analysis F(@) has been taken to be of the 
form 


F(¢)=hid+kob” (1 =3,5,7,9,...) (103) 


In the absence of a-c excitation in the out- 
put windings B=0, and therefore equation 
102 becomes 


(104) 
Now suppose that £, is varied and it is re- 
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quired to determine the time required for the 
system to acquire a new steady-state. 
Since the a-c excitation is assumed removed, 
the flux is produced by the application of the 
control potential Ey. The time required to 
reach a steady state may be estimated by 
supposing that at ¢=0 an excitation E, has 
been applied and that equilibrium has been 
reached then £, is increased by an amount 
AE, and the time required to reach a new 
steady state is computed. 

If at ¢=0 the system has reached an equi- 
librium condition with a control potential of 
Eo, then d¢/dt=0 at this instant and equa- 
tion 104 becomes 


(105) 


The value of the flux at this instant is 
given by 


(106) 


If the curve F(¢) is given graphically, 
this may be determined as shown in Fig- 
ure 2. 


Now at ¢=0, let Ey be increased by an 
amount AZ,. Then 


op Bsns (Ey +A) (107 
Gh Ne Pag ee Ore ) 
or 
dg 
= 1 
TNA as dt (108) 
Se ee) 
2N N2 


The new equilibrium state is reached when 


9 in equation 107 and the equilibrium 


flux is now given by 


N 
F(¢i) = oy het Abo) (109) 


The required time, 7, to arrive at a new 
steady state is obtained by integrating both 
sides of equation 109 and is given by 
1 do 
(Eot+AE,) Ri 

2N N? 


T= 


(110) 


F(¢) 
po 


Since at @¢=+¢; the denominator vanishes, 
the integral of equation 110 is an improper 
one. To eliminate the difficulty that this 
entails in a graphical integration, the time 
constant, 7, could be defined as the time 
required to reach a fraction (say 0.9¢,) of 
the final value of the flux as a measure of the 
rapidity of the response of a magnetic 
amplifier. 

This is analogous to the procedure used in 
defining the time constants of linear R,L, 
series circuits where the transients decay by 
the factors e—**/4 and the time constant is 
arbitrarily defined by setting T=L/R so 
that the transients die down to e~! of their 
initial values at the end of t=T. 
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Discussion 


L. A. Finzi (Carnegie Institute of Tech- 
nology, Pittsburgh, Pa.): This is a treat- 
ment of a series-connected magnetic ampli- 
fier with cores of gradually varying differ- 
ential permeability. The approach has a 
character of novelty in so far as the author 
considers it necessary to take the resistance 
of the windings into full account in all steps 
of the analysis. By doing so, a direct inte- 
gration of the voltage differential equations 
is rendered impossible and methods of 
approximation are suggested for the solu- 
tion. 

Truly, engineers concerned with magnetic 
amplifiers give preference to types of 
analysis in which the relative influences of 
factors of design and operation are seen 
explicitly throughout. Synthesis design is 
generally their ultimate aim. Methods of 
approximation are valuable to them if they 
can be carried out in a symbolic form of 
comparatively easy physical interpretation. 
If numerical manipulations areneeded, these 
should not be too lengthy so as to make it 
feasible to collect copious and sufficiently 
approximate answers that may be sum- 
marized in the form of curves or tabulations 
expressing trends over a suitably large range 
of the variables of the problems. Therefore, 
before accepting the author’s suggestion, 
one should scrutinize whether this somewhat 
inconvenient method of approach is neces- 
sary and whether it is satisfactory in terms 
of labor and accuracy. 

For the first point, the author writes the 
voltage differential equations of input and 
output circuits and recognizes that resistive 
drops do appear formally in the equations 
written. Hence, he concludes, ‘‘The im- 
portance of the resistance term is apparent 
from the equations. It does not appear 
justifiable to neglect the resistance terms as 
has been done by many writers on the theory 
of magnetic amplifiers.’ Engineers, and 
physicists and applied mathematicians, may 
not share the author’s impatience. To 
them a procedure of problem solving ap- 
pears nonjustifiable only if it leads to errors 
beyond the range of accuracy expected in 
the solution. After all, this is what makes 
engineering different from formal algebra 
or accounting. 

The many writers criticized may have 
recognized that resistive voltage drops in 
the windings for any reasonable design of 
amplifiers with cores of gradually varying 
differential permeability are small in com- 
parison with the electromotive forces in- 
duced by the core fluxes in the steady state 
and not likely to affect the wave form of 
these fluxes significantly. They may have 
checked this point carefully, both by calcu- 
lations and by experiments, and may have 
concluded that for the determination of flux 
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expressions in the steady state the assump- 
tion of negligible winding resistances is not 
only extremely useful but also very well 
justified, perhaps more justified than other 
assumptions concerning hysteresis et cetera 
which the author does not find objectionable 
in his idealization. Beyond this step they 
may have made no further use of the 
assumption. 

Now for the steady stage, there is abun- 
dant evidence that variations of the resist- 
ance of the input circuit over broad ranges 
have no noticeable effects on the output of 
this type of amplifier for any given value of 
average control current. Moreover, the 
amplifier in question is essentially a constant 
current device and therefore in many in- 
stances, we can account later for output 
winding resistance, and for the much more 
significant influence of loads, by means of 
corrective load lines procedures applied to 
no-load characteristics. We agree that these 
procedures are inadequate in other instances; 
here methods of successive approximations 
are used whenever need for this is felt and 
time is available. And the methods sug- 
gested by the author may constitute a 
valuable tool. 

Unfortunately, the author’s analysis is 
initiated only for amplifiers having equal 
resistances and equal turns in control and 
output circuit. This limitation is incom- 
patible with the concept of power amplifica- 
tion expected from these devices and should 
be removed so as to deal with load situations 
of broader interest. Moreover, the author 
accepts a much too simple cubic approxi- 
mation for the normal magnetization curve, 
while other writers? have found it neces- 
sary to express field intensities H as power 
series of B that contain a 5th or a 9th or 
even a 15th power term, even when dealing 
with comparatively nonsharp core materials. 
The need for numerical substitutions is 
recognized by the author already for his 
overly simplified problem and solution, and 
the calculations are bound to become much 
more formidable in more realistic cases. 
Ultimately the engineer, after having 
learned from the author that other existing 
analyses are unjustifiable, may feel driven 
even more from analytical approaches of 
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any kind into the domain of experimenta- 
tion alone. 

Concerning the transient problem, the 
paper may convey a wrong impression about 
the state of the art as it says that, ‘in the 
course of the investigation, it has been 
found impossible to neglect the resistance 
of the windings,’’ and adds later that the 
author’s ‘‘analysis indicates that from a 
rigorous point of view in the transient state, 
the effect of the resistance of the windings 
cannot be neglected.” 

As far as the input circuit is concerned 
this is an understatement, as it would be 
strange if any one would try to carry out an 
investigation of the transient response of 
any physical system by neglecting those 
sinks of energy which constitute the very 
reason for a gradual transition to the steady 
state. 

Now, a large number of papers have been 
published in this country and abroad on the 
subject of the transient response of magnetic 
amplifiers. All of these papers may be open 
to some criticism, because of approxima- 
tions used to obtain comprehensive and 
conclusive results of sorts. In particular, 
some moderate and rational use may have 
been made of relations between fluxes and 
currents previously derived for the steady 
state and extended further into the analysis 
of the practically most interesting slow 
transients. But I am not aware of any 
writer who may have tried to neglect input 
circuit resistances in this aspect of the 
problem. 

Finally, in the Appendix, the author 
seems to be guided by the concept that the 
total flux linking the input circuit of the 
amplifier depends on the control current 
alone. Hence, a procedure of separation of 
variables leading to graphical integration 
is presented which is in common use? when 
dealing with the transient response of a 
single winding linking a nonlinear core, for 
example, the field winding of a generator. 

In the case of the magnetic amplifier of 
the kind considered, however, the physical 
situation is different. The additional alter- 
nating magnetization impressed by the 
output winding modifies and reduces the 
flux that links the input winding often to a 
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surprisingly great extent. This is not a 
hair-splitting refinement; it is rather 
most striking phenomenon which, one ¢ 
say, is the very reason for the character 
constant current device I have mention 
before. It has been pointed out and 
plained quantitatively by many writers 
in their analyses.”5 (The very fact that it 
did not appear clearly to the author 5 
to support my concern about the advisa- 
bility of his methods). The phenomenon can 
be evidenced also with simple experimenta- 
tion. The circled points of Figure 1, for 
instance, result from measurements of the 
flux linked with the input circuit as fune- 
tion of the input current for various values 
of the crest Bm of alternating component of - 
core flux density for an amplifier with rather 
nonsharp core material (Hypersil) well 
within the range of rated operation, The 
upper curve is the normal magnetization 
curve of the cores; the other curves result 
from analytical considerations. 

Therefore, any so-called time constant or 
time of response obtained simply in terms 
of initial or differential permeabilities of 
the normal magnetization curve or from an 
analysis of growth or decay of the flux 
linked with the input circuit in the absence 
of a-c excitation, may conyey very mis- 
leading information as to the rapidity of the — 
response of magnetic amplifiers in which an 
a-c voltage source normally exists in the 
output circuit. In fact, such procedures 
would represent the product of a subcon- 
scious temptation to use linear concepts and 
superposition, which should be avoided in 
these problems. 

Graphical integration procedures can be 
used in the transient problem, if one so 
chooses, as shown by others®? who, how- 
ever, have been aware that the basic rela- 
tion between input circuit flux linkages and 
input circuit currents is different for every 
different value of the a-c excitation voltage. 
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Louis A. Pipes: Mr. Finzi, in his diseus- 
sion of this paper, seems.to take exception — 
to the author’s insistence that the resistance 
terms in the voltage differential equations 
of the input and output circuits should be 
considered in this analysis. It is stated by 
Mr. Finzi that authors who have neglected — 
the resistance terms have done so after con- 
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vincing themselves, both by calculations 
and by experiments, that the effects of these 
terms are negligible. It is unfortunate that 
these calculations are not included in their 
analyses. It is customary in the physical 
sciences for papers that present theoretical 
discussions of phenomena in a mathematical 
form to be completely explicit and self 
contained, If, in the process of solution, a 
nonlinear differential equation is encoun- 
tered, it appears reasonable to first attempt 
to apply known methods to study its be- 
havior before linearizing the problem by 
eliminating the inconvenient terms. An 
immediate linearization of the equation by 
discarding terms may lead to a solution that 
is greatly in error. It is common knowledge 
that frequently the slight modification of a 
term of an equation changes vastly the 
nature of the solution. It is regrettable 
that because of the inherent difficulty of the 
solution of nonlinear differential equations, 
the use of iterative methods is often im- 
perative in many cases and not only, 
‘‘whenever need for this is felt and time is 
available.” 

The operation of magnetic amplifiers 
cannot be explained on the basis of classical 
linear doctrine and the theoretical investi- 
gator must resort to nonlinear differential 
equations to deduce the required informa- 
tion. There is danger in linearizing the 
differential equations that characterize the 
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behavior of nonlinear physical systems at 
too early a stage of the analysis because if 
this is done, jump phenomena, subharmonic 
response and other effects of a purely non- 
linear nature may be missed. To avoid 
these pitfalls it is safer to apply some of the 
standard methods of solution to the non- 
linear equation before discarding any terms. 

The second point raised by Mr. Finzi is 
that many authors have in some way taken 
into account the resistance terms in their 
mathematical analysis of the transient be- 
havior of magnetic amplifiers. This is, of 
course, true and nothing is said in the paper 
to the contrary. In many papers, first the 
steady-state response is obtained by neg- 
lecting the resistances of the circuits and 
account is taken later of their effect. The 
manner in which this is done is not always 
very clear but usually the solution obtained 
is tailored to fit some facts obtained experi- 
mentally. As can be easily seen from con- 
sidering a nonlinear system such as a simple 
pendulum oscillating through large ampli- 
tudes, the response of a nonlinear system is 
often a function of its initial conditions. A 
mathematical analysis of a nonlinear dy- 
namical system in which the parameters of 
the differential equations involved are 
altered during the process of solution is 
naturally open to suspicion. 

The criticism raised in Mr. Finzi’s third 
point concerning the method suggested in 


the Appendix for determining the time con- 
stant of a magnetic amplifier is well taken. 
It is not justifiable to neglect the effect of 
the a-c excitation of the output winding in 
computing the time constant because only 
a very rough estimate of the time constant 
can be obtained by this procedure. 

In conclusion, it may be pointed out that 
some 30 years ago our knowledge of non- 
linear differential equations might have 
been compared with that of linear differ- 
ential equations at the time of Newton 
and Leibnitz. However, in recent years 
problems involving nonlinear dynamical 
systems have received much attention. In 
Russia a great deal of work has been done 
in this field during the last two or three 
decades by a staff of highly trained scien- 
tists and this has resulted in a virtual 
Russian monopoly. Very recently, the 
results of these efforts have been made 
available in“English. Research has now 
started in Britain and in the United States 
with very promising results. A survey of 
the accomplishments in this field in the 
world literature indicates that powerful 
methods now exist for the solution of cer- 
tain classes of nonlinear problems. It is 
the essential purpose of this paper to call 
attention to some of these methods in the 
hope that it may give an impetus to their 
use in the analysis of the response of non- 
linear electrical devices. 
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This section has been established to permit members residing outside of the United 
States (exclusive of Canada) to submit discussions which could not be received before 
the closing dates, which are two weeks after the meetings. 

Where it is possible to do so, such discussions have been included with the paper, 
otherwise a footnote has been included at the end of each paper discussed referring 
to additional discussions in the back of the annual volume (except when the paper is 


published in a preceding volume). 


Dielectric Loading 
for Waveguide Linear 
Accelerators 


Discussion and author's closure of paper 
51-164 by Gail T. Flesher and George I. 
Cohn at the AIEE Great Lakes District Meet- 
ing, Madison, Wis., May 17-19, 1951, and 
published in AIEE Transactions, 1951, part I, 
pages 887-93. 


R. B. R. Shersby-Harvie, W. Walkinshaw, 
L. B. Mullett (Ministry of Supply, Great 
Malvern, Worchestershire, England): The 
linear accelerator group of the Atomic 
Energy Research Establishment, Harwell, 
have been investigating for several years 
various methods of improving the efficiency 
of linear electron accelerators in particular 
the traveling-wave type. Early in 1948 
promising theoretical results were obtained 
for dielectric loaded waveguides and after a 
long program of theoretical and experi- 
mental work, an accelerator of the traveling- 
wave type was designed and built to give 
1,500,000 electron volts in a length of 80 
centimeters, operating at the normal wave- 
lengths of 10 centimeters. This was not of 
course intended to show the improved 
efficiency which is theoretically possible, but 
only to demonstrate that dielectric can be 
used in an accelerator. A current of the 
order of 150 milliamperes during the pulse 
was obtained at an energy of approximately 
1,500,000 electron volts. 

This type of dielectric loading has been 
reported in Nature! and is the substance 
of several patents.?~! 

In considering the relative performance 
of resonant and traveling-wave type accel- 
erators it is important to obtain a criterion 
which is applicable to both systems, and 
includes the important economic factors of 
power and length. We have defined the 
efficiency of an accelerator as the square of 
the waverage voltage gained per-unit power 
dissipated per-unit length, that is, V2/P.L. 
This can be related to the shunt impedance 
of the corrugated waveguide E,2/2a for a 
given length of accelerator section where a 
is the voltage attenuation coefficient, and 
E is the axial field per-unit power flow. 
With all the radio frequency power fed in at 
one end and the power remaining at the 
other end being dissipated in a resistive load 
the efficiency has a maximum value of 
0.82E?/2a when the length of section -Ly is 
such that it has an attenuation of 1.25 
nepers. 
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It is obvious that for a traveling-wave 
accelerator whose section length is deter- 
mined by frequency tolerance of the radio 
frequency source, build-up time, space or 
any other factor in such a way as to be less 
than lL, then the efficiency is reduced. In 
the case of the resonant accelerator, this 
factor does not occur although there is of 
course the quite serious time averaging 
factor involved in obtaining the average 
voltage. To overcome this loss of efficiency 
with short section length it is necessary to 
use a system of radio frequency feedback. 
This has been successfully employed on 
two accelerators and consists essentially of 
a balanced bridge circuit which will combine 
the power from the end of the accelerator 
section with the power from the radio fre- 
quency source. This has been reported in 
the Proceedings of the Physical Society® 
and together with practical waveguide 
bridges which will combine any ratio of 
powers forms the substance of several 
patents.® 8 

The power magnification is limited by 
losses in the feed-back loop and also by 
build-up of reflections, but ratios up to 
four are considered very practical. In 
some cases the efficiency can be brought 
more nearly to &o?/2a@ than in the optimum 
length of accelerator section without feed- 
back, and moreover a large proportion of 
the difficult problem of stabilizing the fre- 
quency of the radio frequency source can 
be replaced by the relatively simple and 
automatic operation of stabilizing the phase 
in the feed-back loop. 

In terms of V?/P.L. the early Stanford 
traveling-wave machines and those of this 
establishment had quite low efficiencies of 
the order of 10 to 20 megohms per meter 
since they were naturally designed on a 
conservative basis. The shunt impedance 
was low (between 40 and 70 megohms/ 
meter) due to deliberately choosing a large 
hole size and having metal losses consider- 
ably greater than theoretically possible; 
the over-all efficiency was further lowered 
by choosing a large phase angle between 
peak accelerating field and stable electron 
position, and by using lengths less than the 
optimum ZL, without feedback. For ma- 
chines in the low-energy high-current range 
such as those designed for medical purposes 
the efficiency is by no means an over-riding 
factor and final efficiencies of 25 megohms 
per meter have again been chosen in such 
cases. For really high energy machines 
where the greatest degree of economy in 
radio frequency power and length is required 
theoretical shunt impedances (at 3,000 
megacycles) of the order of 100 megohms 
per meter can be obtained for metal guides 
with ratio of hole radius to wavelength 
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<0.1. Every effort has then to be made to 
keep the efficiency V?/P.L. as close to this 
figure as possible by ensuring minimum 
metal losses and by using a small stable 
phase angle and optimum length of section 
(preferably with feedback since some relief 
is then obtained in the way of frequency 
stability). It also is possible to maintain 
the efficiency associated with small hole size 
and yet increase the group velocity by add- 
ing a small gap between the loading disks 
and the outer metal tube, thus introducing 
a coaxial line type of power flow outside the 
disks. 

A dielectric loaded accelerator would 
normally only be considered as a good alter- 
native to metal guides in this high energy 
range, where shunt impedance and effi- 
ciency are the all-important factors. We 
have therefore to aim at shunt impedances 
considerably greater than 100 megohms per 
meter. With solid dielectric and no hole 
the optimum dielectric constant for mini- 
mum metal losses is four. The shunt im- 
pedance (obtained by adding the dielectric 
and metal power loss) is considerably worse 
than ordinary metal corrugated guides. If, 
however, the dielectric is effectively made 
anisotropic by breaking up the dielectric 
into disks (used in a similar way to metal 
disks) the metal loss can be greatly reduced 
and shunt impedances higher than 100 
megohms per meter can be obtained. Di- 
electric constants in the range 10 to 100 
seem to offer the greatest possibilities espe- 
cially since magnesium titanate (e/e9=15) 
and titanium dioxide (e/¢,=95) are known 
low-loss materials which will carry large 
quantities of power and work under vacuum 
conditions. In the experimental accelerator 
titanium dioxide was used in disks which 
were spaced so as to give the required law 
of phase velocity. The effective dielectric 
constants were of the order of 50 in the radial 
direction and little greater than one in the 
axial direction. 

With these dielectric waveguides it is 
found that accelerating field per-unit power 
is in general less than that obtained with 
metal waveguides, and the higher shunt 
impedance arises from a greatly reduced 
attenuation constant. The length L, there- 
fore increases but the group velocity does 
not increase in the same proportion. Hence 
the frequency stability required for a length 
of section Ly, is increased and it becomes 
most desirable if not essential to use “‘feed- 
back.” 

The theoretical work’ involved has been 
considerably more complex than for metal 
loaded waveguides. We can distinguish 
three separate regions in a disk loaded di- 
electric waveguide: 


1. The axial region which is free from 
dielectric. 

2. The region between the dielectric disk. 

3. The region filled with dielectric. 


The method of solution is to obtain a 
series representation for the field in region 1 
and match this to a series representation 
for the fields in regions 2 and 3 (in terms of 
symmetrical E (or T7.M.) modes only). The 
numerical solution of the infinite deter- 
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minantal equation thus obtained is much 
too tedious for practical application. 

The approximate theories which have 
been developed are in order of complexity: 


1. The anisotropic solution. If the 
electrical length of the disks and the spacing 
between disk centers are small then an 
accurate solution of Maxwell’s equations 
for an £oi(T.Mo) mode can readily be ob- 
tained using dielectric constants in the 
radial and axial direction averaged by static 
considerations. The guide with a central 
hole can then be treated quite simply ana- 
lytically and numerically, and we can 
teadily calculate the accelerating field, 
attenuation (due to dielectric and metal 
losses), shunt impedance, and group veloc- 
ity. As the disk thickness increases this 
theory becomes inadequate and will not of 
course predict the expected 7 mode cut-off. 

In practice these ceramic materials (espe- 
cially in the case of Ti02) cannot be ground 
to such a small thickness that the aniso- 
tropic theory can be used entirely, but it is 
normally adequate to obtain the accelera- 
ting field (perhaps with small corrections), 
the attenuation and the group velocity so 
that a wide range of the various parameters 
can be investigated. In designing an ac- 
celerator, however, the major requirement 
is a more accurate wavelength equation. 

2. For the case with no hole a solution 
can be obtained by matching forward and 
reflected fundamental waves in the dielectric 
and air-filled sections of the waveguide at 
the dielectric-air interface. It is then possi- 
ble to obtain a fairly accurate solution by 
applying knowledge of what happens in the 
anisotropic case when a hole is introduced. 

3. We also have used a solution in 
which the first term of an infinite deter- 
minant is taken (this reduces to (2) when 
various approximations are made). 

4. A solution obtained by a variational 
method which should give an upper and 
lower limit to the correct solution. 


For this relatively simple disk loading 
calculations show that when optimum effi- 
ciency is obtained the metal loss may be as 
high as five to ten times the dielectric loss. 
It should therefore be possible to devise a 
means of introducing more dielectric in such 
a way as to reduce the metal loss for a given 
axial electric field, until a new optimum is 
reached where metal loss and dielectric loss 
are comparable or dielectric loss is dominant. 
The simplest method is to use the same size 
of dielectric disks and to support them in a 
larger metal tube. In the region outside 
the disks we then have a coaxial line mode 
(at phase velocity equal to C) and since 
Hy is continuous across the boundary and 
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falls as 1/¢ in the coaxial line region, the 
metal loss per-unit length for a given axial 
electric field falls as 1/f¢. The shunt im- 
pedance can be considerably increased in 
this way but unfortunately D¢ is continuous 
at this same boundary so that for the high 
dielectric constant materials there is a very 
large power flux down the coaxial line com- 
pared with that in the dieléctric and central 
hole. The length Z, now becomes quite 
enormous so that for a practical length of 
accelerator the feed-back ratio would be 
very high and consequently inefficient. 

A more promising alternative is an appli- 
cation of the alternate high-impedance low- 
impedance series of quarter wavelength 
transformers. If we initially ignore the 
central hole the dielectric waveguide then 
consists of a central region having disks 
exactly as before extending to the first zero 
of Ez (that is, Jo), a second region of more 
dense dielectric (with a ratio of disk thick- 
ness to pitch (K) of the order of 0.9 to 1.0 
compared with a value of about 0.3 in the 
inner region) extending to the first zero of 
H¢, and a third region extending to the 
second zero of Ez with a value of K again of 
about 0.38. It is easy to see that for a given 
Ez on the axis the magnetic field Hg can 
be considerably reduced at the second zero 
of #, compared with that at the first zero 
of £,. A large number of calculations have 
shown that this reduction of H¢ can be so 
large that it more than overcomes the in- 
crease in surface area of the metal tube (the 
diameter is roughly doubled since the region 
of dense dielectric is radially quite thin) 
and in fact the metal loss can be reduced to 
a negligible factor. The dielectric loss is of 
course increased especially in the dense 
region, and it now becomes of primary im- 
portance to know the power factor of the 
dielectric with considerable certainty before 
the extent of the improvement in shunt im- 
pedance can be determined. The accelerat- 
ing field for a given power flux is not 
greatly affected by adding the two extra 
regions of dielectric, but the most disturbing 
feature is that the attenuation can become 
so low that the optimum length L, becomes 
impracticably long. It is then necessary to 
use higher feed-back ratios than one would 
normally consider, and it becomes impor- 
tant to make a reasonable estimate of the 
losses in the feed-back loop and to base the 
usefulness of the system on the final effi- 
ciency V2/P.L. and not merely on shunt 
impedance. | 

In metal-corrugated waveguides it is 
normally possible to exclude by design the 
possibility of obtaining propagated modes 
having different radial and azimuthal varia- 
tions, and in general the Eoi(7.Mo.) mode 
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is the lowest propagated mode to the exclu- 
sion of Hu(TEn) (which would be the 
lowest mode in a smooth waveguide) and 
all higher E or H modes. The mode troubles 
experienced with resonant systems are then 
confmed to longitudinal resonances of Eo. 
In the simple disk loaded waveguide it also 
is possible to propagate the Hi, mode so 
that care must be taken to exclude this 
mode by symmetrical feeding. With the 
more complex dielectric structures the possi- 
bility of propagating modes with other 
radial and azimuthal variations will increase. 
The problem has so many variables that 
a very extensive theoretical and numerical 
investigation has had to be undertaken and 
at present owing to various uncertainties 
especially in dielectric power factors, it is 
impossible tq state the exact improvement in 
efficiency which can be attained or what will 
be the optimum wavelength, although pres- 
ent indications are that a considerable im- 
provement over the best metal guides can 
be obtained especially if the wavelength is 
reduced to the region of 5 centimeters. 
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3. IMPROVEMENTS IN OR RELATING TO DIELEC- 
TrRIc LoapED Wavecuipes, R. B. R. Shersby- 
Harvie. British Patent 18524, 1950. 


4. IMPROVEMENTS IN OR RELATING TO LOADED 
WAVEGUIDES FOR LINEAR ACCELERATORS, W. 
Walkinshaw, L. B. Mullett. British Patent 18525, 
1950. 


5. A TRAVELING WAVE LINEAR ACCELERATOR 
WITH Rapio FREQUENCY POWER FEEDBACK, 
R. B. R. Shersby-Harvie, L. B. Mullett. Pro- 
ceedings, Physical Society (London, England), 
volume LXII, 1949, page 270. 


6. IMPROVEMENTS IN OR RELATING TO FEEDBACK 
IN LineAR ACCELERATORS, R. B. R. Shersby- 
Harvie. British Patent 27071, 1948. 


7. IMPROVEMENTS IN OR RELATING TO MICRO- 
WAVE Crrcurts, L. B. Mullett. British Patent 
6035, 1949. 


8. IMPROVEMENTS IN OR RELATING TO AUTO- 
MATIC PHASE CONTROL FOR WAVEGUIDE RAT-RACE 
ARRANGEMENTS, L. B. Mullett. British Patent 
7815, 1949. 


Gail T. Flesher and George I. Cohn: We 
wish to thank the British group for their 
most interesting discussion. They have 
carried out a large amount of research in 
linear accelerator development. It is to be 
regretted that more detailed accounts of 
their developments have not been more 
widely published. 
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Report 


THE BOARD OF DIRECTORS of the 
American Institute of Electrical Engineers 
presents to the membership its 67th annual 
report, covering the fiscal year ending April 
30,1951. It contains a brief summary of the 
principal activities of the Institute during the 
year, a general balance sheet showing the 
financial condition of the Institute at the 
close of the fiscal year, a statement of cash 
receipts and disbursements, and a schedule of 
securities owned. Much additional infor- 
mation regarding the activities appeared in 
various issues of Electrical Engineering. 


BOARD OF DIRECTORS’ MEETINGS 


Five meetings of the Board of Directors 
were held during the year, two in New York, 
N. Y., one each in Pasadena, Calif., Okla- 
homa City, Okla., and Miami Beach, Fla. 

Information regarding many of the more 
important matters which were considered by 
the Board of Directors appeared in various 
issues of Electrical Engineering. 


INSTITUTE POLICY 


A report on the 1949 Membership Opinion 
Poll and a progress report on the member- 
ship voting on the following three proposals 
of policy were published in the 1950 Board of 
Directors report: 


1. To work continually for the unification of the 
profession 


2. To recognize the fact that the Institute finds its 


chief reason for existence in the technical field. 


3. To handle questions on nontechnical affairs as 
necessary and as they arise, on an emergency basis, 
until through unification they can be handled on a 
gencral professional basis. 


The votes to June 1, 1950, are reported 
here: 


sa eeieeimeeaeeeiemeeemmeemeemeeiemmmemmemmemeaeeeeee 


Proposal Number 1 Number2 Number 3 
Approved.......0.< 4062.30, 2406 4 OU istere deters 4,012 
Disapproved....... BQ ipa ars ES A Pi PSEIE 383 


The Board of Directors, at its meeting on 
June 15, 1950, directed that the tabulation on 
the 1950 poll be published in Electrical 
Engineering, with the conclusion that the 
membership, as represented by the poll, 
endorses the three proposals, und a statement 
to the effect that the Board of Directors of the 
AIEE will, therefore, be guided by these 
three proposals in making all of its decisions 
concerning Institute activities (HE, Aug ’50, 
p 669). 


INSTITUTE VISITS 


For several years, the Board of Directors 
has been endeavoring to relieve the President 
of responsibility for Section visits, and to 
place this responsibility upon the Vice- 
Presidents. A resolution to this effect was 
adopted on June 27, 1946, and appears on 
page 510 of the 1950 Year Book. 

After further discussion at various times, 
and particularly on April 27, 1950, the 
Board of Directors took the following action 
on that date: 
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VOTED that it is the sense of the Board of Directors 
that the President should not be expected to visit Sections 
or Branches; that those official visits should be made 
the responsibility of the Vice-Presidents, with the co- 
operation of Directors, or District Secretaries, or other 
Institute personnel who may be designated by the Vice- 
Presidents; and that the President concentrate his 
attention on general and District meetings, technical 
conferences, and such other meetings as should, in his 
discretion, be attended; also that this action be trans- 
mitted to all Sections, and that the Finance Committee 
be requested to make provisions in the 1950-51 budget 
for such visits. 


President LeClair visited certain Sections 
and attended the general and District meet- 
ings. He also attended meetings of the 
Engineers Joint Council, and represented 
the Institute at several meetings of various 
types. The Vice-Presidents visited sub- 
stantial percentages of the Sections within 
their Districts, and also many Student 
Branches. 


ANNUAL MEETING 


The 66th annual business meeting of the 
Institute was held in Pasadena, Calif., June 
12, 1950. The annual report of the Board 
of Directors for the fiscal year which ended 
April 30, 1950, was presented in abstract by 
Secretary H. H. Henline, who also presented 
a report of the Committee of Tellers on the 
vote of the membership on the election of 
officers whose terms were to begin on August 
1, 1950. In the absence of the Treasurer, 
W. I. Slichter, Secretary Henline also pre- 
sented a brief report of the Treasurer. 
President-elect Titus G., LeClair was intro- 
duced, and responded with a brief address 
covering broadly the problems ahead, both 
in the Institute and in its relations with other 
organizations. 

In commemoration of the 100th anniver- 
sary of the birth of Oliver Heaviside, an 
address was given by Dr. Paul S. Epstein, 
Professor of Theoretical Physics at the Cali- 
fornia Institute of Technology since 1921. 

The Lamme Medal for 1949 was presented 
to C. M. Laffoon, Manager of the A-C 
Engineering Department, Westinghouse 
Electric Corporation. 

Mr, Fairman delivered a message of great 
importance to the engineering profession in 
his President’s address, ‘Is Engineering a 
Profession?” 


GENERAL MEETINGS 


Three general meetings were held during 
the year, and a brief report on each follows: 


Summer and Pacific General Meeting. 
The 66th Summer General Meeting was 
combined with the Pacific General Meeting 
and held in Pasadena, Calif., June 12-16, 
1950, with a registration of 1,665. The 
program included 31 technical sessions and 
conferences, an opening ceremony, the 
annual business meeting of the Institute, ten 
committee meetings, two Section Delegates 
sessions, conference of Vice-Presidents and 
District Secretaries, meeting of the Board of 
Directors, two student technical sessions, 
session for presentation of District Branch 
Prize Papers, numerous inspection trips, 
banquet, aquacade, and President’s Recep- 
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tion, and an extensive schedule of events for 
the ladies. 


Fall General Meeting. The Fourth Fall 


General Meeting was held in Oklahoma 


City, Okla., October 23-27, 1950, with a 
registration of 1,144. In 25 technical and 
conference sessions 122 papers were pre- 
sented. Other events were a Forum of 
Technical Committee Chairmen, 15 com- 
mittee meetings, general session, meeting of 
the Board of Directors, meeting of the South 
West District Executive Committee, joint 
luncheon with the Oklahoma City Chamber 
of Commerce, dinner-dance, stag smoker, 
inspection trips, and a special program for 
the ladies. 


Winter General Meeting. The Winter 
General Meeting was held in the Hotel 
Statler, New York, January 22-26, 1951, 
with the largest program in the history of the 
Institute, and a registration of 3,334. There 
were 67 technical sessions, in which 143 
formal papers and 160 conference papers 
were presented. At three general sessions, 
the Hoover, John Fritz, and Edison Medals 
were presented. After receiving the Hoover 
Medal, Dr. Karl T. Compton gave an ad- 
dress on “Engineers and National Security.” 
The Alfred Noble prize and numerous AIEE 
prizes for papers were presented. Other 
parts of the meeting were a meeting of the 
Board of Directors, Forum of Technical 
Committee Chairmen, 100 committee meet- 
ings, smoker, dinner-dance, numerous in- 
spection trips, and special events for the 
ladies. 


DISTRICT MEETINGS 


Great Lakes District Meeting. In a 2- 
day meeting of the Great Lakes District, in 
Jackson, Mich., May 11-12, 1950, the princi- 
pal subject was ‘“Transmission and Distribu- 
tion of Electric Energy on Systems with Low 
Load Density.” Many of the papers in 
seven technical sessions were directly related 
to this subject. Other events were a general 
session, two student sessions in which the 
Branch Prize winners presented their papers, 
graduate student session, informal banquet, 
student banquet, inspection trips, and several 
features for the ladies. The registration was 
536. 


Middle Eastern District Meeting. A 
Middle Eastern District Meeting was held in 
Baltimore, Md., October 3-5, 1950, with a 
registration of 972. In 23 sessions 98 papers 
were presented. In addition, there were a 
general session on the topic “Developing 
Engineers for Industry,” smoker, cabaret 
dance, inspection trips, and ladies’ events. 
The Executive Committee of District 2 held 
an all-day meeting on the day preceding the 
District Meeting. 


Southern District Meeting. A Southern 
District Meeting was held in Miami Beach, 
Fla., April 11-13, 1951. The program in- 
cluded a general session with an address by 
President LeClair, four technical sessions at 
which 34 papers were presented, a meeting 
of the Board of Directors, several inspection 


AIEE TRANSACTIONS 


a 


and sight-seeing trips, luncheon, banquet, 
buffet and water show, and a program of 
events for the ladies. The registration was 
421. 


SPECIAL TECHNICAL CONFERENCES 


“Special Technical Conferences’ were 
inaugurated in 1948, and have proved so 
successful \that they are now planned and 
conducted as a regular Institute activity. 
The conferences are intended to be national 
in interest, technical in character, and con- 
centrated as to subject matter toward one 
particular industry or objective. This type 
of meeting is designed to explore thoroughly a 
limited field and to afford specialists in that 
field an opportunity to discuss mutual tech- 
nical problems. The conference may be de- 
fined as a program of panel discussions, tech- 
nical papers, or exhibits under the auspices 
of a national technical committee, in co- 
operation with an AIEE local Section, which 
might act as host to the conference. Oper- 
ating under the policy and procedure which 
has been set up, the following conferences 
were held during the past fiscal year: 


Rubber and Plastics Conference. The 
third annual conference on electrical engi- 
neering problems in the rubber and plastics 
industries was held in Akron, Ohio, May 5, 
1950, sponsored by the Subcommittee on 
Rubber and Plastics Industries of the Com- 
mittee on General Industry Applications in 
co-operation with the Akron Section. A 
diversified program was planned to attract as 
large an attendance as possible. This re- 
sulted in the presentation of eight papers. 
Some of the subjects covered were calender 
auxiliary drives, including constant tension 
winder drives for film and fabric; recent de- 
velopments in process sequence control; 
electrostatic casualties in the rubber and 
plastic industries; and so forth. The con- 
ference was attended by 173 persons. No 
proceedings were published. 


Improved Quality Electronic Compo- 
nents Conference. A 3-day conference was 
held in Washington, D. C., May 9-11, 1950, 
sponsored by the AIEE, Institute of Radio 
Engineers, and Radio Manufacturers Asso- 
ciation, with active participation by agencies 
of the United States Department of Defense 
and the National Bureau ofStandards. The 
main theme of this conference was that com- 
ponents for military electronic equipment 
must be designed to serve without replace- 
ment during the normal life of the equip- 
ment if electronics is to continue in its role of 
increasing importance in modern warfare. 
The conference was attended by 749 engi- 
neers and scientists from all parts of the 
United States, as well as representatives from 
Canada, Great Britain, Australia, New 
Zealand, and Sweden. The five sessions 
covered dependability in electronics, unitized 
design and electronic fabrication techniques, 
components, and panel discussion. During 
the conference there were also several in- 
teresting inspection trips. A complete re- 
port of the conference, including papers and 
discussions, has been prepared and is avail- 
able at $3.50. 


Telemetering Conference. The Phila- 
delphia Section was host to a 3-day telem- 
etering conference in Philadelphia, Pa., 
May 24-26, 1950, sponsored by the AIEE 
and the National Telemetering Forum. In 
conjunction with the conference, eight ex- 
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hibitors demonstrated their telemetering 
products in the display room of the Phila- 
delphia Electric Company. The attendance 
was 205. ‘Two inspection trips were ar- 
ranged to the Franklin Institute Labora- 
tories for Research and Development and the 
Raymond Rosen Engineering Products, Inc. 
Both point-to-point and mobile telemetering 
were covered at this conference. The five 
sessions were devoted to general features of 
telemetering, telemetering systems,  tele- 
metering systems and pickups, data presenta- 
tion, and other topics, including definitions 
of telemetering terms. Complete proceed- 
ings of the conference have been printed in 
book form and are available at AIEE head- 
quarters at $3.50 per copy. 


Domestic Appliances Conference. A 
conference on domestic appliances was held 
in Cleveland, Ohio, June 20, 1950, sponsored 
by a special subcommittee of the Committee 
on Domestic and Commercial Applications, 
in co-operation with the Cleveland Section. 
There was an attendance of 86. The morn- 
ing session was devoted to automatic washing 
machines, and the afternoon session was 
given to electric ranges. During the dis- 
cussion period, problems of motor drives, 
controls, and other accessories were covered. 
Due to the enthusiasm of those attending, the 
committee is planning to promote such a 
conference next year as part of its activity. 


Conference on Electronic Instrumenta- 
tion in Nucleonics and Medicine. The 
third annual joint conference on electronic 
instrumentation in nucleonics and medicine, 
sponsored by the AJEE and the Institute of 
Radio Engineers, was held in New York, 
N. Y., October 23-25, 1950, with 653 people 
attending. The first day of the 3-day con- 
ference featured papers on subjects in the 
non-nucleonic phases of electronics in medi- 
cine. The second day was devoted to 
nucleonics and medicine. The last day 
covered nucleonic development in industry 
and government laboratories. There were 
six sessions with a total of 23 papers pre- 
sented, plus a round-table discussion on the 
evening of the second day on the subject 
“Effects of Atomic Weapons.” Exhibits of 
nucleonic apparatus, instruments, and com- 
ponents were shown by 20 manufacturers. 
No conference proceedings were published. 


Machine Tools Conference. The third 
annual conference on machine tools was held 
in Worcester, Mass., November 14-16, 1950, 
sponsored by the AIEE Subcommittee on 
Machine Tools of the Committee on General 
Industry Applications and the Worcester 
Section. The total attendance was more 
than 200. During the morning session of 
the first day four papers were presented. 
The afternoon was devoted to plant visita- 
tions in and around Worcester, Mass. Six 
papers were presented on the second day, 
and there was a meeting of the Subcommittee 
on Machine Tools. The subcommittee 
unanimously considered the conference very 
successful and made plans for holding 
future conferences on this subject. Approx- 
imately 150 conferees went to Springfield, 
Vt., for the final day of the conference, 
which was spent visiting four machine tool 
plants in the Windsor-Springfield area. No 
conference proceedings were published. 


Electron Tubes for Computers Confer- 
ence. A conference on electron tubes for 
computers was held in Atlantic City, N. J., 
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December 11-12, 1950, sponsored by the 
AIEE and Institute of Radio Engineers, in 
collaboration with the Panel on Electron 
Tubes of the Research and Development 
Board. It was attended by 316 engineers 
from all parts of the country and from Can- 
ada and England. This conference was the 
result of a survey which indicated that the 
field of electron tubes for computers was in 
need of clarification. The sessions included 
computer experience with electron tubes; 
electron tube problems; special purpose com- 
puter tubes; tube manufacture and crystal 
diode experience; and Williams type stor- 
age. No proceedings were published. 


Conference on High-Frequency Meas- 
urements. The second conference on high- 
frequency measurements was held in Wash- 
ington, D. C., January 10-12, 1951, jointly 
sponsored by the AIEE, Institute of Radio 
Engineers (IRE), and National Bureau of 
Standards. It was evidenced at this second 
conference that the radio-frequency portion 
of the spectrum is in a state of expansion. 
After registration, the members of the con- 
ference were invited to the Bureau of Stand- 
ards where open house was held on Wednes- 
day morning. Here the guests were shown 
the research and experiments being con- 
ducted in magnetism and electricity towards 
the goal of establishing various constants 
with a greater accuracy. The sessions were 
devoted to measurements of frequency and 
time; measurements of impedance; meas- 
urements of power and attenuation; and 
measurements of transmission and reception. 
An evening demonstration session also was 
held. Inspection trips were arranged to the 
National Bureau of Standards, the Naval 
Observatory, the Naval Ordnance Labora- 
tory, and the Naval Research Laboratory. 
There was a total attendance of 549 engi- 
neers from all parts of this country and Can- 
ada. No conference proceedings were pub- 
lished. 

As this was the 50th anniversary of the 
National Bureau of Standards, President T. 
G. LeClair of AIEE and President I. E. 
Coggeshall of IRE presented scrolls to Dr. 
E. U. Condon, Director of the National 
Bureau of Standards, at this conference. 


Textile Industry Conferences. Two 
conferences on the textile industry were held 
in April 1951. The first was held in Phila- 
delphia, Pa., on April 23, on the subjects of 
static electricity in the textile process and 
electrical installation practice and problems, 
and was sponsored jointly by the AIEE Tex- 
tile Industry Subcommittee of the Com- 
mittee on General Industry Applications, 
the Philadelphia Textile Institute, and the 
Philadelphia Section of AIEE. Papers pre- 
sented covered principles of static electricity, 
electric installations on full-fashioned ho- 
siery machines, and so forth. The attendance 
was 84. The second conference was held in 
Atlanta, Ga., on April 26 and 27, and also 
covered static electricity, with the addition of 
textile mill power systems and maintenance. 
It was co-sponsored by the Textile Industry 
Subcommittee, Georgia Institute of Tech- 
nology, and the Georgia Section of AIEE, 
Some of the interesting subjects discussed 
were: static in the woolen industry, design 
of a textile mill power system, and problems 
in operation and maintenance of a mill power 
system. The attendance was 140. No pro- 
ceedings are to be published. 


2139 


GENERAL COMMITTEES 


BOARD OF EXAMINERS 


Board meetings were well attended, and 
consequently no meetings other than those 
regularly scheduled were required. In 
addition to its regular work, the Board pre- 
pared a rough draft of proposed amendments 
to the Constitution relative to the revision of 
membership classification to conform to the 
suggested uniform membership grades pre- 
pared by the Engineers’ Council for Pro- 
fessional Development committee on that 
subject. This draft was submitted to the 
Committee on Constitution and By-Laws for 
preparing the amendments in proper form 
for the Board of Directors. 

Statistics relating to the number of cases 
handled by the Board are given in Table I. 
The current total, excluding those enrolled 
as Student members, is more than 17 per 
cent greater than in 1949-50. This is 
largely due to a more than 22 per cent in- 
crease in the number of Associate applica- 
tions. Large Student enrollments of previ- 
ous years probably account for most of this 
increase in Associates. 

Student enrollment for the current year is 
more than 35 per cent under that of 1949-50. 
This is accounted for in large part by the 
closing out of the GI Bill of Rights and the 
current build-up of the armed forces. 


COMMITTEE ON CODE OF PRINCIPLES OF 
PROFESSIONAL CONDUCT 


The “Statement of Principles of Pros 
fessional Conduct,” which last year’s an- 
nual report stated was almost complete, 
was approved by the Board of Directors 
on August 4, 1950, and published in the 
Year Book, pages 491-3, and in the Feb- 
ae issue of Electrical Engineering, pages 

isp 

Since that time there has been only one re- 
quest for any committee action concerning 
the Principles as published. That request 
was for a clarification of Section 27 of the 
Code, which reads: ‘He will not use the 
advantages of a salaried position to compete 
unfairly with other engineers.” 

The chairman replied to that request by 
stating that in his opinion the rule means that 
engineers who have positions that provide 
office space or other emoluments should not 
take advantage of such favors and charge 
fees for consultations less than the regular 
charges made by consulting engineers prac- 
ticing in the region involved. 


COMMITTEE ON CONSTITUTION AND BY-LAWS 


This committee submitted certain recom- 
mendations to the Board of Directors in 
advance of the meetings, and the By-Laws 
were amended as follows: 


April 27, 1950. The Board “VOTED to 
adopt in principle the recommendation for 
elimination from the By-Laws of all provi- 
sions for ex-officio memberships, and to in- 
struct the Committee on Constitution and 
By-Laws to implement this action.” This 
idea is being carried out in any changes that 
are being made in the By-Laws. 

June 15, 1950. A change was made in 
Section 1 of the By-Laws, clarifying and re- 
stricting the use of Institute badges and im- 
prints of the badges. 

Section 76 of the By-Laws also was revised, 
changing the composition of the Committee 
on Award of Institute Prizes. 
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Table I. Applications for Admission and 
Transfer, 1950-1951 
ee 


Applications for Admission 


Recommended for grade of Associate. . .4,670 
Re-elected to grade of Associate........ 77 
Notirecommended iijijeeiieeiriot ola saree Si 4755: 
Recommended for grade of Member.... 315 
Re-elected to grade of Member......... 17 

Not recommended... ...025.5.- 05.0 +« + 48.. 380 
Recommended for grade of Fellow...... 6 
Reinstatement to grade of Fellow....... 2 

Not recommended.........-.+++eeee0: 3 11 
Applications for Transfer 

Recommended for grade of Member.... 575 

Not recommended iiss cniuetiian citer PPA se ITE 
Recommended for grade of Fellow..... 159 

Not recommended... --. sass -s Bias 162, 
Students 

Recommended for enrollment as Students...... 4,988 
Bota nv ncccstsniaadaietslsrare sicictesin ote eieat eeree eee 10,893 


August 4, 71950. Section 53 of the By- 
Laws was amended, raising the Student dues 
to $5.00 per year. 

October 26, 1950. Sections 33, 51, 53, 60, 
and 84 of the By-Laws, covering Student 
Branches, were amended to facilitate the 
operation of the Branches and enable them 
to complete their organization earlier in the 
year. 

January 25, 1951. This committee recom- 
mended certain changes in the Constitution 
which would transfer the dues and entrance 
and transfer fees from the Constitution to the 
By-Laws. 


It was recommended that all of Article IT 
of the Constitution and parts of Articles IIT 
and IV be revised to establish uniform 
grades of membership as recommended by 
Engineers’ Council for Professional Develop- 
ment. This recommendation limits the 
elevation to the grade of Fellow to the 
method known as proposal by invitation, to 
be extended by the Board of Directors. It 
changes the Associate grade to Associate 
Member and adds a new grade to be known 
as Affiliate. 

A number of minor changes in the Con- 
stitution were also recommended to take care 
of the new grades of membership. The 
Board approved these proposed amend- 
ments to the Constitution, subject to correc- 
tions by legal counsel, for submission to the 
membership for vote. Recommendations 
were also made and approved for making the 
corresponding changes in the By-Laws, con- 
tingent upon adoption of the Constitutional 
amendments by the membership. 


COMMITTEE ON EDUCATION 


During the past year the committee spon- 
sored two conference sessions at general 
meetings. At the Summer General Meet- 
ing, the theme of the conference was ‘“‘Plan- 
ning of New Laboratory Facilities.” The 
theme was dealt with by three separate 
papers, written by well-known authorities 
in electrical engineering education, describ- 
ing the planning and the actual facilities in- 
cluded in new laboratory buildings. The 
session was timely, since a great deal of new 
construction is currently under way at the 
engineering colleges, and many of the novel 
features discussed at the session have been 
helpful to others in their planning. 
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At the Winter General Meeting, a confer- 
ence session on “Graduate Study in Electrical 
Engineering”? was presented. Three papers 
on various phases of graduate study were pre- 
sented, each of which discussed distinctly 
different phases of the graduate curriculum. 
The session was very well attended, and its 
timeliness was attested to by the fact that dis- 
cussion continued from both educators and 
representatives of industry until it was 
necessary arbitrarily to terminate the meet- 
ing. Also at the Winter General Meeting, 
the committee acted as joint sponsor at a 
conference session on electronic education. 
The papers presented discussed the impor- 
tance of electronic education from the stand- 
point of industry, of research, and of the 
academic field itself. 

During the year four subcommittees were 
appointed to study specific subjects believed 
to be of current importance. They are: 
Subcommittee on Graduate Programs in 
Electrical Engineering, Subcommittee on 
Accrediting of Curricula, Subcommittee on 
Specific Objectives of Electrical Engineering 
Curricula, and Subcommittee on Measure- 
ment of Educational Effectiveness. The 
first three of these subcommittees have 
actively begun their work. The session held 
at the Winter General Meeting was spon- 
sored by the first of these subcommittees, and 
future programs are now being planned as a 
result of the productive efforts of the other 
subcommittees. 

No sessions are planned for the Summer 
General Meeting because that meeting con- 
flicts directly with the Annual Meeting of the 
American Society for Engineering Education. 


FINANCE COMMITTEE 


With a continuing growth in membership, 
both the income and the expenses of the In- 
stitute increase each year. The growth of 
expenses was accelerated sharply a few years 
ago due to the rising costs of most things after 
the end of World War II. The measures 
mentioned in previous annual reports were 
put into effect in an attempt to step up the 
rate of growth of income to compensate for 
the accelerated growth of expenses. The 
unavoidable delays before these measures 
became effective resulted in substantial 
deficits during the fiscal years ending April 
30, 1948, and 1949. 
1950 showed income and expenses substan- 
tially in balance, and, for the year ending 
April 30, 1951, there was a margin of in- 
come over expenses. This recovery was 
accomplished, however, at the expense of 
some curtailment in the services to mem- 
bers and a severe limitation upon the volume 
of technical publications. 
of these restrictions is considered undesirable. 

If further increases in unit costs take place, 
another series of deficits can be expected un- 
less it is possible to adjust income more 
promptly. Since an amendment to the 


Constitution increasing the dues would re-— 


quire approximately two years to become 
effective, the Finance Committee recom- 
mended to the Board of Directors on October 


26, 1950, that the dues provisions be removed © 


from the Constitution and placed in the By- 
laws. 
and, ;on February 28, 1951, ballots were 
mailed to the entire membership covering the 
necessary amendment to the Constitution. 
The Finance Committee made an analysis 


of income and expenses of the Institute, — 


which was published in Electrical Engineering, 


The fiscal year ending © 


A continuation ~ 


The Board approved this proposal, — 
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AIEE TRANSACTIONS , 


December 1950, to give the members a 
clearer understanding of the financial prob- 
lems of the organization preparatory to the 
submission of the constitutional amendment. 

The amendment of the Social Security 
Act about the middle of 1950 made it possible 
for the first time for employees of the Insti- 
tute to be covered by social security, pro- 
vided the Board of Directors approved and at 
least two-thirds of the employees elected to 
be covered. The Board approved and the 
necessary two-thirds of the employees voted 
to be covered. Coverage was made effec- 
tive as of April 1, 1951. 

The financial report for the fiscal year is 
included in this annual report. 


HEADQUARTERS COMMITTEE 


The program of modernization of the 
lighting at AIEE headquarters, started two 
years ago, has been completed. All office 
space and the Board of Directors’ Room are 
now equipped with modern fluorescent fix- 
tures with a marked improvement in 
illumination. 

Linoleum floor coverings in rooms 1005, 
1007, 1008, and 1009 had deteriorated over 
the years to such an extent that replacement 
was necessary, and new linoleum was in- 
stalled in these rooms during the winter. 

Other items in the budget included minor 
repairs to upholstered chairs in the Mem- 
bers’ Room and the Board of Directors’ 
Room, cleaning of draperies, and servicing of 
air-conditioning units, 

There is a slight blistering of the veneer 
wall covering in the Members’ Room and 
Board of Directors’ Room. Repairs were 
considered, but the price seemed to be too 
high to warrant any action at this time, as the 
blisters are not obvious. When this condi- 
tion becomes objectionable, repairs or re- 
finishing of these rooms will be necessary. 


COMMITTEE ON MANAGEMENT 


Recognizing the increasing importance of 
the knowledge of management know-how to 
electrical engineers, the committee has 
planned a series of conference programs on 
this general subject at general and District 
meetings. These programs will cover the 
broad field of management, including organ- 
ization, personnel relations, human relations, 
government and business, productivity and 
economy of operations, and related subjects. 

The first meeting of the series was held in 
connection with the Winter General Meet- 
ing. William B. Maloney, Manager of 
Employee Relations Department of The 
Esso Standard Oil Company, spoke on 
“Management Development.” Mr. Ma- 
loney pointed out the need for top-flight 
management in the future to cope with busi- 
ness competition, the maintenance of ex- 
cellent management relations with stock- 
holders, employees, customers, and the gen- 
eral public. He also stressed the need for 
maintaining the type of management per- 
sonnel which would be capable of assuming 
active and affirmative leadership in partici- 
pation in national and community issues, 
even though these issues were only indirectly 
related to the problems of business. 

In order to achieve a continuing top-flight 
management, Mr. Maloney suggested a 
program which included planning the future 
organizational structure, making an inven- 
tory of personnel for management positions, 
and the training of replacements for manage- 
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ment jobs required to be filled in the future. 
He also pointed out the necessity of recog- 
nizing that business philosophies, techniques, 
and experiences are not static, and that cur- 
rent management personnel requires in- 
formation to keep pace with the times. This 
is not only for the purpose of effective man- 
agement teamwork but also for the purposes 
of morale values and application of company 
philosophies and policies to employees. 
This can be accomplished through 2-way 
communication between ‘‘firing-line’? man- 
agement and executive management and 
through formalized training. 

General Leslie B. Simon, Chief of Ord- 
nance Research and Development Division 
of the Army, spoke on ‘‘An Outline of Army 
Ordnance Research and Development.” 
General Simon described the intricate and 
highly organized network of research and de- 
velopment agencies which extends on the 
one hand all the way up through the General 
Staff, the Research and Development Board 
of the Secretary of Defense, to the President 
as Commander in Chief, and on the other 
hand down to the laboratories and proving 
ground in the field. He pointed out that 
today research and development is a highly 
organized co-operative process, and he 
stressed the teamwork between the Ord- 
nance Department and industry and science. 


COMMITTEE ON MEMBERS-FOR-LIFE FUND 


After a long discussion at a meeting on 
January 23, the committee unanimously 
agreed that, with the uncertain conditions 
now existing, it was undesirable to increase 
the expenditures of this committee, and 
therefore voted to recommend that the 
activities be continued as they have been in 
the past: considering only the odd-num- 
bered districts one year and the even-num- 
bered districts the next year. 

At the time of the meeting, there was 
available $5,373.00 in cash, with the major 
expenditures for the year having been made, 
and none of the income from the members 
for the year 1950-51 having yet been 
credited to the account. This would indi- 
cate that by the end of the fiscal year there 
would be over $7,000.00 in cash. For this 
reason, the committee recommends that 


$5,000 of the cash be invested until it is de- 
sirable to expand the operation of the fund. 


MEMBERSHIP COMMITTEE 


Membership in the Institute increased by 
3,860, an increase of 11.3 per cent, and a 
slight percentage gain above last year, the 
largest previous individual year on record. 
Table II of the membership statistics shows 
the distribution of the membership changes 
among the various grades. _ 6,450 applica- 
tions were received during the year, of which 
4,168 were from Students and 2,082 from 
others. It is significant that the number of 
applications received from other than Stu- 
dents has shown a marked decrease. 

Members in arrears for dues for the fiscal 
year ending April 30, 1951, amounted to 
1,867, a percentage of 4.9 per cent, as com- 
pared with 4.42 per cent reported in the 
previous year. 

Student membership has declined from 
20,668 reported in 1950 to 15,028 in 1951. 
This is of great concern to the Membership 
Committee, and co-operative efforts will be 
continued with the Committee on Student 
Branches to encourage Student membership. 

The increase in delinquent memberships 
and the decline of Student memberships can 
probably be attributed to the uncertainty 
which has confronted young engineers and 
Students during the past year. Recognition 
must be taken of this and efforts continued 
to reverse this trend. 

Charles Clos, Vice-Chairman of the Mem- 
bership Committee, participated in the study 
which resulted in the establishment of the 
Section Growth Award Plan by the Board 
of Directors this year. 

The committee is appreciative of the 
efforts of the Section Membership Com- 
mittees throughout the year, especially since 
the individuals engaged in this voluntary 
work have found it increasingly difficult to 
take time from their normal duties to devote 
to this activity. 

COMMITTEE ON PLANNING AND 
CO-ORDINATION 


The committee sponsored no radical de- 
partures either in planning or co-ordinating 
Institute activities during the past year. 


Table Il. Membership Statistics for Fiscal Year Ending April 30, 1951 


Honorary 6-Year 
Members Fellows Members Associates Associates Subtotals Totals 
Membership 
April: 305195) seiae mec xy oe Sixties 255,20: 9 VS Girne cree SASS laterite VBE SY Grrarepecesnte cae orsuvrere 34,198 
Additions 
New members qualified...............45 ste mieae Fae b yn 8.8 Sone OMOEA IE ta Astokautaran 5,027 
Former members reinstated 
OR resclectedinciace dete gst sis: nin spots a tiers yc eran 109s 64 84 5 .y. there 260 
Subtotals. detasctaavant ches aveteate shinai LO Seas: SAA G4os..00- A869 rice 5,287 
HEDANSECTS on cee Tanita ss Une take PSI es 633meria A RO dae ahowhates hmiiyeein ts 2.008 
TE Ot al 6s; a:30 5 eet ada, pas os Sot Re yeaa TALE eee SH Racin oe POST ese se 4869 eortad 7,618 
Deductions 
1 BY 70 |b Bee SAP Ae cic choc Geet ca ern Las 24 ealhs Sbit ets G5 aac Rake 2s oA oe 205 
Resigned storigacceeeiass sin aiokeselelerh vleciya Were oestes Ola bond 154 Gag, NG erent ar 385 
Dropped sijelo tee busta siete iy Pap eceetie BOM ee PA AER Re AT4...... 837 
Subtotals. ces netigeeh tress 2h aks rials ee CRO wahactoess 236) wow ee AOU TS aA (WP suet 1,427 
Pirseasbers sh kas tee eee ost 3 a oh tee afta alate arent eco T2907. Bae Jie. MSG665icure is PED | 
Lovalaite Ste nea nan icitep en dei ate ten ou) ceiidwe a SO 5 nae TO26 i wedcas Pee SoA 3,758 
Net Changes..... Be Se Se osc ae ee como TEAS aetian O12 errant GOS crates VAT AM eat 3,860 
Membership 
April 30): 1951 ties acs aaa ican Susie 1c, 369s) tates 9,798 NOAM wanes NGE SAS areas ciety a ova: 38,058 
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Table Ill. Number of Applications 
Received From Student Members and 
From All Others 
et 


Year Ending 


April 30 Students All Others Total 
ey es Spec AVLOB acces cre Dy OS Zictstereaisat 6,250 
TOSO Materia eater: ROSS cnclerintats Dr ALT atcicterel ars 6,450 
OA SB Ao ganic Dy LOO elelater els Pd CPAs ac oonae 4,478 
L948 eo acatersrax- LAGI roanncrerets De os be 3,753 
EL We asacsaoc OSB iieiatetateinre Dro Wateteele ernie 3,269 
VO 4G erties sinters QUShcocases Dito Oieteratsstet 2,761 
LOAD erste cteleterel 49 ari tatateyets DELLS wanchursteteys 2,428 
LO AA Serreonteiere ME Giver epoca WEST a sn utr 2,374 
IGE Gab ennse OD sretaretavers De AS livaretataiaters 2,214 

Scheduling of Future Meetings. The 


future general and District meetings of the 
Institute have been scheduled through 1953, 
with some 1954 reservations already on 
schedule. Once again considerable atten- 
tion was given to respacing the general meet- 
ings, this time with a survey of opinion among 
the technical advisors. The committee con- 
cluded that, with all points of view consid- 
ered, the Winter General Meeting should 
continue to be held in general during the last 
week of January in New York; that, how- 
ever, if the meeting be moved from New 
York, then consideration be given to estab- 
lishing a date several weeks later in the year. 
The Board of Directors gave its approval. 


Centennial of Engineering. The re- 
quest of the American Society of Civil 
Engineers (ASCE) to participate in the 
celebration of its 100th anniversary in Chi- 
cago in 1952 was met by the appointment of a 
local group under the chairmanship of 
Frank V. Smith to arrange for national par- 
ticipation. The Chicago ASCE meeting 
will precede the AIEE Fall General Meeting 
in New Orleans by more than a month. 


Election Procedures. At the request of 
President LeClair, the committee handled a 
brief opinion survey on the possibility of 
changing Institute election procedures so as 
to achieve greater democracy in the opera- 
tion of the Institute. Of those who re- 
sponded to the Electrical Engineering article on 
the subject, more than 80 per cent thought 
that the present system is satisfactory. No 
change is contemplated. 


Presidential Election. At the request of 
the Board, the committee also investigated 
various methods heretofore proposed for 
making known the incoming president more 
than a year in advance with obvious ad- 
vantages in committee organization, policy 
formation, and the like. However, no 
generally acceptable method was uncovered. 


Constitutional Amendments. Several 
chores in connection with study and analysis, 
as well as co-ordination, were turned in on 
the Constitutional amendments currently be- 
fore the membership. 


Forum of Technical Committee Chair- 
men. This forum, a natural outgrowth of 
last year’s ban on ex officio committee mem- 
berships, has held two extremely satis- 
factory meetings, and the third, will be 
held in June. It provides formal location 
and proficient participants for discussion 
of the many problems that continually 
arise in the administration of the technical 
work of the Institute. The chairmanship 
is vested in the President of the Institute, 
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present practice rotating the preparation of 
the program among the chairmen of the 
Committees on Publication, Standards, 
Technical Advisory, Technical Program, 
and perhaps others. 


PROFESSIONAL DIVISION ADVISORY 
COMMITTEE 

In its capacity as an advisory group for the 
nontechnical committees assigned to it, this 
committee dealt with several matters of 
special interest. The subject of means to be 
taken to broaden the effectiveness of engi- 
neers generally and to assist in the develop- 
ment of younger engineers in particular was 
considered. After a brief survey as to what 
action should be taken, it was concluded that 
the program already being formalized by the 
Engineers’ Council for Professional Develop- 
ment should be supported. 

Consideration also was given to the matter 
of consulting engineering fees in the elec- 
trical field. After reviewing this from the 
standpoint of policy and also the extent of 
membership concerned in this matter, it was 
agreed to leave consideration of it to organ- 
izations already constituted and having such 
problems in their planned field of operation. 


PUBLICATION COMMITTEE 


The publication policy which became 
effective January 1, 1947, has been carried 
out with minor modifications. The number 
of pages of published material for the calen- 
dar year 1950 is shown in Table VII together 
with the number of pages published in pre- 
ceding years for ready comparison. The 
total number of pages published was 13.8 per 
cent greater than for the same period of the 
previous year, because of the increase in the 
number of technical papers from 202 to 238. 


Electrical Engineering. One of the im- 
portant ways in which a high standard of 
publication has been maintained is by con- 
tinuing the policy of not republishing ma- 
terial which has been published previously 
elsewhere. ‘Table VIII shows the various 
kinds of material in Electrical Engineering 
during the year: the Special Articles in- 
clude material of broad interest, the Presi- 
dent’s messages, and the other contributions 
which have been submitted or solicited for 
publication in Electrical Engineering only. 

Beginning with the January 1951 issue, 
the trim size of Electrical Engineering was re- 
duced from 8%/, by 115/s inches to the stand- 
ard size of 8!/, by 14!/, inches. Ultimately 
this will effect a saving of $10,000 annually 
in the cost of paper and reduced postage. 
The change also makes for greater uni- 
formity on library shelves and provides in- 
creased flexibility to advertisers who furnish 
bleed plates. 


Table IV. Number of Student Members 
as of April 30 


New 


Applications Renewals 
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Table V. Record of AIEE Membership 


Total Total Total 

Year May1. Year Mayi1 “Year May 1 
1884.... 71 19077... 4,521 192952185 oe 
1885.03) 209) 1908). ST Oce 1930.,..18,003 
1886.... 250 1909.... 6,400 1931....18,334 
1887308 S04. 1910.... 6,681 1932....18,003 
1889 aon O55, PRO cree vee hes 1933... 207,080 
1890)..-.. 427 19120 Lee 1934... .15,230 
1891 it 544 1913.0 7,654 1935...,14) 269 
189255106 OLS NOTA a is OV 1936....14,600 
1893), sn O79) 1915.... 8,054 1937,.:0)5,.15,308 
1894.... 800 1916.... 8,202  1938....16,078 
1895.... 944 gh Wy dere 7 8) 1939....16,605 
1896....1,035 LOTS Op eee 1940. ...17,213 
LEO Tie Ole: 1919...,10,352 1941....17,886 
1898....1,098 1920....11,345 1942....18,944 
ICL R ae al Wail} 1921,...:.,.1d,a00 1943....20,161 
1900 ered Oo: 1922....14,263 1944....21,407 
1901....1,260 1923....15,298 1945, ...23,072 
1902). sO, 1924....16,455 1946....25,090 
1903. ...2,229 W925). cre oh1i, Oe 1947....26,470 
1904....3,027 1926....18,158 1948....28,408 
1905....3,460 1927....18,344 1949....30,791 
1906. ...3,870 1928....18,265 1950....34,198 
1951... .38,058 


The classification of articles in Electrical 
Engineering in seven broad fields is presented 
in Table LX, which may be compared readily 
with the report of the previous year. By 
selecting shorter articles, more highly con- 
densing others, and decreasing the Institute 
Activities section, a greater number of arti- 
cles in full or nearly in full has been pub- 
lished. Also, the publication of digests of 
conference papers was discontinued begin- 
ning with the January issue. Experience 
had proved that digests are of little value un- 
less the complete papers are available, and 
the deletion of these digests will provide 84 
more pages annually for the publication of 
articles in full. One hundred and fifty-three 
articles in full or essentially in full were car- 
ried, as compared with 119 for the previous 
year. The number of Science and Elec- 
tronics articles has increased 18 per cent, and 
there has been an increase in the number of 
Industry and General Applications papers. 
Papers on applications of electronic circuits 
and vacuum tubes cut across the five major 
divisions, and a separate analysis of the 153 
articles indicates that 56 of the articles could 
be considered to have a major area of in- 
terest in the electronics field. Efforts are 
being made to increase further the numbers 
of articles in the fields of electronics, indus- 
try, and general applications. 


Advertising. The number of pages of 
advertising during the last eight months of 
1950 was about the same as for the corre- 
sponding period of the previous year. During 
the first four months of 1951, there was an 
increase of 22 pages, or 11.4 per cent more 
pages, than for the same period during the 
previous year. The general outlook for 1951 
seems quite good. From contacts made 
during recent trips, the Advertising Director 
feels that this condition will continue. 


Transactions. Volume 69 of the 1950 
Transactions has been made available in two 
parts. Part I, which contains the papers 
presented during the Winter General Meet- 
ing of 1950, consisting of 670 pages, was 
made available for distribution in August. 
Part II, which contains the remainder of the 
papers for the year, the Board of Directors’ 
Report, and a complete index, comprising a 
total of 1,082 pages, was made available for 
distribution on April 5, 1951. 


AIEE TRANSACTIONS 


Table VI. Deaths of AIEE Members Reported in Electrical Engineering 

Obituary Obituary 

Notice in Notice in 

Date of Date of Grade at Electrical Date of Date of Grade at Electrical 

Name Election Death Death Engineering Name Election Death Death Engineering 

Wllen, John Boise. cc cje esc Pa 2E Pr vatie Aug. 6,750 Oct. °50, p. 936 Leitich, Prank Die isis sucess cs A 70972... Nov.) 19, °50..,.53. i ease Feb. 751, p. 170 
ara, LIN Desai 1 CREIOTO G Noy. 8,50 a) ane Oly pay cor, Martin, Lewis G............. Pa OS Bric PADYsPetign OO steriars Aisteie six July 750, p. 660 
Archibal i) Carl (soars ET earns Apr. 12, 750 ..June ’50, p. 569 Mason, Ruric! Givin ccc ce. ees B26 coco May 12,’50..... Mis siscs5 July °50, p. 659 
Balogh, Stephen I............ AP 4a. ie. July 31,50 Oct. ’50, p. 936 McAfee, William K...........A ’16..... Febi 5 25.505 0 Mirarersie June ’50, p. 569 
Batcheller, Birney C..........M717..... Febs 51;\p. 170° McBerty, Frank R..........--A?01...2. Febs 19,250)... /.,. Hectevelataxe Nov. 750, p. 1040 
Bennett, Edward............. Apr. 751, p. 367 McCarter, Robert D.......... By 299 ns) Mara 95751 stessco72 IM sch. May ’51, p. 462 
Boykin, Richard M........... 50, p. 570 McClellan, William.......... A 704.0... Nov. 14,’50..... Moinora 5 Jan. “51,p. 87 
Brown, Frederic S. 51, p. 461 Mclver, Jr., George W........ A: 108 So. < July 24,’50..... Butane Nov. 750, p. 1040 
Brueck, Haworth L........... 50, p. 659 Miller, Alvin A.............. A035 Ase ‘Apr. 5,’50..... Iie July 50, p. 659 
Burbank, Jerome D........... P51, S02 2 sills, JolinyEiceswials «1c'-isiee59 vice Nelo alal= MJaneG sO Maraiel.\ cerleiys Apr. 751, p. 368 
Bushnell, Robert J.... A .°*51; p. 281 Oboukhoff, Nicholas M....... M24 Tce Jaly 30, 750... Vea S SoA Oct. °50, p. 936 
Champe, Willard C A °50, p. 659 Barracks Vasco) Rees as etialess|< fh) 2D sl elec May 11,750... Dacia July ’50, p. 659 
Christensen, Carlo P..........A 714..... .?50, p. 848 Parsons, John S.i ti scsi. ees eT orate Aug. 22, ’50..... Masi: Oct. 750, p. 936 
lark Walter’'G..............A 703..... Dec. 17, 750 bel ps ol70, Pierce, George Av. .<22 05% ...- AGZO3 craratsle Mar.) 10.51) ia. TNC Arne May 751, p. 461 
Doherty, Robert E........... ACEC evar Oct. 19, 50 . °50, p. 1132 Pre Ota Wie cies tenes cis AWS 0 oa avels (OTs SE EEIUE 6 dae Minoo Dec. 750, p. 1133 
MATAR er RAY On a. cision cis.s gas. RR OER Dec. 26,49 750; '‘p: 569 Pohnany) Pramkjecsclesiasisie 0 s)s IMEC rans Nov. 26, 50..... WB suse Apr. 751, p. 368 
Eisenmenger, Hugo E.. ACE ote sere Aug. 28, 50 EONS (Ps, ceo Poor, Walter Eeedsiarcck os «0s *50, p. 569 
Ellerman, Louis H........... APAZB aren Mar. 14, *50 50, p. 660 Rice, Chester W. 51, p. 461 
BICEEVIDUIN Core cc s9's 0 ete 03% .50. July 6,50 Ol, p.. | 187 Rippey, Samuel H............ Be UA aise May 18,’50..... Brive vies Aug. ’50, p. 737 
Gary, Laurence A............ AGI) ee ‘Aug. 23, 50 .?50, p. 1040 Rose, Melvin C............5- M°46..... Apr. 23,50..... Moves. July °50, p. 659 
Gul) Sir Frank.......000.0s+. A OS aie Oct. 25, ’50 S-Di, \p; 280 Sanderford, Roger M......... ya, See Oct, 12; ?50..< Anasvens Apr. 751, p. 368 
Hannon, Frank R............ aU erctane janes 55751 y2Dae ps 281 Sawford, Frank.............- AS*1ON Sa ci2 Aug. 24,’50..... Miciaeton Nov. 750, p. 1040 
Plarep Obert Joncas esse ds M744,0.0, Sept. 12, 50 S751p. 281, Schauss, Stanley Ley. qecs 0. s-Ay Ades «ni ans 24, 251). nen Mie uae Apr. ’51, p. 368 
Henningsen, Earle S.......... Ag 20i cies Sept. 23, ’50 2°50; p. 1133 Skinner, Charles E..........- Yale eins May 12,’50..... EAC eine Aug. 50, p. 736 
Hickok, Robert D............ 1 DOE Raa Ra neo AOC eee 750, p. 659 Smith, Alzamora B........... AW"40 55056 Aug. 15,750..... AG es Oct. ’50, p. 936 
Pailotamley (CF... 5.5.2.2 A 38 ec.0c Sept. 4, 50 . 750, p. 1040 Spinney, Louis B.........--.. A038. van Jan. 25,°51..... i ipo es Apr. 751, p. 367 
Horle, Lawrence C. F.........A ’20..... Oct. 28, 750 251, pao 87 Streamer, A. Camp........... AL One on Mays 4, 75015 612... DY Cartas July °50, p. 658 
Hotchkiss, Frederick W....... A208. 2%. Nov. 11, 750 . °51,p. 87 |. Timmerman, Arthur H....... ULC Sen July '185250..". u. Meeciote.tix Sept. 750, p. 848 
Hubbard, Albert S........... OB tr Apr. 19, 50 50, p. 660 Waldo, Edward H...........-A 707....% Aug. 30, ’50..... Maes Nov. 750, p. 1040 
Jones, Frederick S............ ATA Mecca: Feb. 26, 51 *51,p. 462 Waller, James C.............-A "44..... Apr. 2,750). a. 26 (pep July *50, p. 660 
Kaehni, William............. M’44,.... Jan. 27,50 *50, p. 569 Warner, Harry Oly cccctsccss M27 isa as Sept. 16, 50..... 1, RRA Nov. 750, p. 1040 
Kalantar, Hamaz H.......... NAPA DTA Seeiais Vel cies alepeietetala: eve "50, p. 569 Williams, John B.............A ’40..... Bept. 25°50)... Ae cae es Nov. 750, p. 1040 
Kappeyne, Jacobus........... METAS sate Feb. 22, 51 "51, p. 462 Winterroth, William C........A 736..... ayurie £75 50sec: Diaae ste Dec. ’50, p. 1133 
USOAG ANAS AR OUR Bp gee M’44,.... Feb. 10, 50 *50; p. 570 Wittig, Gustay Fence ccc. os May 30,’°50..... iA aware Aug. 750, p. 736 
Kinnaird, William R.......... APA vec Oct. 19,50 ~S1,.p. 281 Wolfrom, Carl A..........+++ LAU Ee eh Ub Sie Ax werk Feb. 51, p. 170 
Knightley, William J......... Ne occ Jan. 25,751 . 51, p. 368 Woolston, Louis F...........- Sept 20,849 sie ok stories: July 50, p. 659 
Laudenslager, Richard L...... ASQ aie)sie\s June 2,750 . 50, p. 736 Wynant, James W.. May 1,’50..... Migs: July °50, p. 658 
Layman, Waldo A............A ’99..... Oct. 25, ’50 Jan.-’51; p. 87 Yensen, Trygve D..........-. july” (2, °50.". 2). - a Gna Aug. °50, p. 736 


AIEE Proceedings. During the year, 
there has been a decrease in the number of 
Proceedings orders received. A total of 6,572 
orders was received, representing a distribu- 
tion of 54,560 copies of papers. This is an 
18.4 per cent decrease in the number of order 
forms received and may be attributable to a 
smaller number of back orders for the papers 
of the previous year. 


Divisional Publications. The committee 
has made an extensive study of the possibili- 
ties of issuing five divisional publications 
three or four times a year to take the place 
of the present AIEE Proceedings. A prelimi- 
nary analysis from a sample of orders for the 
1949 papers indicates that most members are 
ordering in a pattern the papers from three or 
more divisions. From a calendar of when 
the 1949 Proceedings papers were ready for 
distribution, it is indicated that many of the 
papers will be delayed two or more months if 
bound according to divisions. The data 
also show that there are not enough papers 
in some divisions—for example, Industry 
and General Applications—to issue publica- 
tions quarterly. The independent survey 
made by a specially appointed committee, 
in which some 330 members were ques- 
tioned, indicated that about 65 per cent of 
the members questioned were not in 
favor of incorporated sectional material in 
packages. 

The committee felt that it did not know 
enough about the problem and it recom- 
mended that a survey of the membership be 
made to determine each member’s major 
area of interest according to the five divi- 
sions and to determine to which other divi- 
sions each member might subscribe at a 
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nominal annual subscription price of $2 to 
$3 per division. 


Special Publications. During the year, 
the following six Special Publications , have 
been made available and three more are in 
prospect. These publications are on a self- 
supporting basis and are made available to 
members at cost and in general to nonmem- 
bers at double cost through order forms pub- 
lished in Electrical Engineering from time to 
time. 


1. Lightning Reference Bibliography, 1936-1949 
(4/50) 
2. Bibliography on Industrial Control (9/50) 


3. AIEE Power Conference—Power Generation and 
Industrial Power Systems* (8/50) 


4. Joint AIEE/NTF Conference on Telemetering* 
(8/50) : 
5. Electric Arc and Resistance Welding—II* (12/50) 
6. Sources of Electric Energy (1/51) 


* Conference Reports. 


Conference Papers. There are many 
advantages to the presentation of conference 
papers; however, for some time the Publica- 
tion Committee has been concerned with the 
increase in the number of conference papers 
and the decline of the formal types of papers 
as related to the increasing membership. 
Data on the matter over a 20-year period are 
shown in Table X. Conference papers pro- 
vide an easy way of getting material which 
has not been reviewed on programs. The 
practice which permits some authors who 
have good facilities for the reproduction of 
their papers to distribute them at meetings 
is unfair to other authors who have good 
material but lack the facilities for reproduc- 
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' published 


tion and distribution. Presentation again 
by title does not provide a satisfactory solu- 
tion as most of the discussion is lost, and dur- 
ing the interim the conference paper may 
have been published elsewhere. Providing 
conference papers in preprint form is only a 
partial solution, as it would not preserve the 
discussion and the permanent record of the 
paper would be lost when stock is depleted. 

During the past 20 years publication costs 
have more than doubled. There does not 
seem to be.any ready solution to the problem 
without a:considerable increase in appropri- 
ations for publication purposes to provide for 
the increased costs and staff additions. The 
problem was discussed at the technical forum 
held during the Winter General Mecting, 
and it will be further explored at the forum 
of the Summer General Meeting. 


COMMITTEE ON REGISTRATION OF 
ENGINEERS 


The committee has continued its efforts to 
advise the AIEE membership on the prob- 
lems of registration, 

The committee held a meeting at the 
Winter General Meeting, which was at- 
tended by a large majority of the members. 

Supplementing previously published pa- 
pers sponsored by the committee, a paper by 
N. L. Freeman entitled “Procedures for 
Obtaining Registration as a Professional 
Engineer’? was published in the February 
1951 issue of Electrical Engineering. Reprints 
are available at Headquarters for use by the 
Sections and Student Branches and by the 
membership. It is planned to continue this 
series of papers with others, each covering 
some phase of registration. These are to be 
in Electrical Engineering when 
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approved, and reprints of these will also be 
available at Headquarters. 

In the 1950 issue of the Year Book, for the 
first time Registered Professional Engineers 
are indicated by a dagger. Not all who are 
registered are so indicated, due to the failure 
of some members to properly fill out their 
information cards. It is hoped that this 
will be corrected in the near future. 


SECTIONS COMMITTEE 


Section Activities. Two new Sections, 
Sacramento and Northern New Mexico, 
were formed. 

New Subsections were formed as follows: 
Black Hills (Denver Section), Boise (Utah 
Section), Eureka (San Francisco Section), 
Hawaii (San Francisco Section), and Van- 
couver Island (Vancouver Section). Other 
Subsections are pending. 

Section, Subsection, and membership de- 
velopment has been very active and healthy 
as noted above and as shown in Table XI. 

The western portion of Louisiana, includ- 
ing the Shreveport Section and Lake Charles 
Subsection, was transferred from District 4 
to District 7. 


Meetings of the Sections Committee. A 
meeting of the Sections Committee was held 
during the Winter General Meeting, and a 
meeting is scheduled for the Section dele- 
gates during the Summer General Meeting. 


Special Activities. A new revision of the 
“Model By-Laws for Sections and Subsec- 
tions” was printed which not only brought 
these up-to-date, including by-laws for Sub- 
sections, but also suggested a change in the 
method of electing officers so as to give them 
a sequence of position which would result in 
better officer material and more experience. 

At the suggestion of a special committee 
under the chairmanship of C. G. Veinott, a 
plan was approved by the Board of Directors 
to award four prizes to the Sections which 
have been the most outstanding in regard to 
attendance and membership growth. This 
will be known as the Plan for Recognition of 
Section Growth. 

Publicity activity has been increasing in 
each Section, and as a further stimulation 
they are being offered help by Raymond C. 
Mayer, the Institute public relations counsel. 

A thorough review has been requested of 
each Section regarding the necessity or ad- 
visibility of having local members, and it is 
hoped that some pattern for future guidance 
may come from this study. 

A Subcommittee of the Sections Com- 
mittee is studying the question of what 
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officers of a Section should be the official 
representatives at its District Executive 
Committee meeting. At present the official 
delegates are the Chairman and Secretary. 


General Conclusions. The figures on the 
rate of membership growth as well as the 
membership attendance at meetings are the 
best indications of active and effective Sec- 
tion operation. Present indications are for 
even better results in the future. 


STANDARDS COMMITTEE 


The Standards Committee consists of 26 
appointed members and the Secretary. 
Two meetings have been held so far this year 
and a third is planned for June. 


Completed Standards. Since August 
1950, the following Institute Standards or 
Codes were completed or revised: 


AIEE 52 (March 1951), Application Guide for Ground- 
ing of Instrument Transformer Secondary Circuits and 
Cases. 


AIEE 557 (August 1950), Master Tést Code for Tem- 
perature Measurement. 


AIEE 607 and 602 (November 1950), Large 3,600- 
Rpm 3-Phase 60-Cycle Condensing Steam Turbine- 
Generators. 


AIEE 605 (September 1950), Recommended Speci- 
fications for Speed-Governing of Hydraulic Turbines 
Intended to Drive Electric Generators. 


AIEE 807 (August 1950), Proposed Test Code for 
Aircraft Circuit Interrupting Devices. 


Revisions of AIEE 20, Air Circuit Break- 
ers, AIEE 20A, Low-Voltage Air Circuit 
Breakers, and AIEE 27, Switchgear Assem- 
blies, were completed, but approval has been 
withheld pending the settlement of some 
questions raised in the Standards Committee. 


Work in Progress. It is not possible in 
this brief report to mention all the standard- 
izing subjects being considered in many of 
the Institute technical committees. Work 
in progress which has been reported to the 
Standards Committee recently by standards 
co-ordinating committees, by Institute tech- 
nical committees, and by subcommittees is as 
follows: 

Standards Co-ordinating Committee Num- 
ber 8, which serves as the AIEE delegation to 
the AIEE-Edison Electric Institute-National 
Electrical Manufacturers Association 
(NEMA) Joint Committee on Co-ordination 
of Insulation, has continued its study of in- 
sulation requirements and the development 
of basic impulse levels. 

The Committee on Instruments and 
Measurements is preparing a Master Test 
Code for Power Measurements and a Master 
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Test Code for Speed Measurements. /This 
committee is also studying the markings of 
varmeters which may result in a standard. 

The Committee on Electronics has formed 
various groups to study vacuum-tube stand- 
ards. In one group progress is being made 
on ratings and test methods for pool tubes. 
Other groups are undertaking the prepara- 
tion of standards on radiation detection 
tubes and high vacuum receiving tubes. A 
proposal on Symbols for X-ray Tubes -was 
completed and submitted to the American 
Standards Association (ASA) sectional com- 
mittee. Work on definitions in the X-ray 
field is also being carried on in co-operation 
with the ASA Sectional Committee on 
Definitions of Electrical Terms. 

The Committee on Switchgear is consider- 
ing the preparation of standards for network 
protectors. 

The Committee on Transformers has 
under preparation certain proposed revisions 
in the American Standard for Transformers. 

Active work is in progress in revising cer- 
tain of the test codes which are under the 
jurisdiction of the Committee on Rotating 
Machinery. These are being co-ordinated 
with the American Standards for Rotating 
Machines as they are, in effect, made a part 
of these standards by references in the latter. 
This technical committee is also preparing 
recommendations for the consideration of 
the ASA sectional committee which is at 
present engaged in making a revision of the 
American Standards. 

The Standards Subcommittee of the 
Committee on Industrial Control has been 
studying possible changes which might be 
proposed in the American Standard drawing 
symbols. 

A subcommittee of the Standards Com- 
mittee is correlating standard temperature 
rises at the terminals of apparatus. 


Work With Other Organizations. An 
Institute Subcommittee on Standard Fre- 
quency Bands and Designations has de- 
veloped a proposed standard which desig- 
nates each frequency band by a number 
which is the logarithm of the lowest frequency 
in the band. This subcommittee has co- 
operated with an Institute of Radio Engi- 
neers (IRE) committee to arrive at this pro- 
posed standard, which has been submitted 
to the Department of State as a joint AIEE- 
IRE recommendation for the purpose of 
having it included on the agenda of the 
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meeting of the International Consultative 
Committee on Radiotelephony (CCIR) to be 
held in Geneva in June, with a view to adop- 
tion as an international statement. 

Institute representatives serve on a number 
of committees of other organizations and on 
some joint committees of other organizations. 
During the year, a Joint AIEE-IRE Com- 
mittee was formed to deal with new defini- 
tions relating to noise which are coming into 
use, and an AIEE subcommittee is working 
with an IRE subcommittee on the prepara- 
tion of definitions for telemetering. 


American Standards Association. The 
Institute has continued support of the ASA 
by participation in the work of the ASA 
Standards Council, the ASA _ Electrical 
Standards Committee, the ASA Drawings 
and Symbols Correlating Committee, and 
the Mining Standardization Correlating 
Committee through its representatives on 
these committees. The Institute is sole 
sponsor for eight ASA projects, most of 
which are under sectional committee pro- 
cedure. A number of these have been active 
during the year as follows: 

The AIEE Committee on Land Trans- 
portation has completed a proposed revision 
of the American Standards for Electric Con- 
trol Apparatus for Land Transportation 
Vehicles, ASA C48, AIEE 76, which will be 
published for trial use. AIEE is proprietary 
sponsor of this project. 

Progress is being made in the tremendous 
task of revising the Definitions for Electrical 
Terms, ASA C42. 

A Sectional Committee on Capacitors has 
been organized which will consider revision 
of American Standard C55, AIEE 78, Stand- 
ards for Capacitors. A proposed revision 
has been prepared by the Capacitor Sub- 
committee of the Committee on Transmis- 
sion and Distribution, 

A subcommittee of the Committee on In- 
struments and Measurements, which also 
serves as ASA Sectional Committee C68, 
reported that it has prepared a proposed re- 
vision of the American Standard for Meas- 
urement of Test Voltage in Dielectric Tests, 
ASA C68.7, AIEE 4. 

Upon invitation of ASA, the Institute has 
recently undertaken to serve as sole sponsor 
of the project on Electrical Equipment in 
Metal Mines, (424. The sectional com- 
mittee is being reorganized, and interested 
organizations are being canvassed to obtain 
the names of their representatives. 

The Institute serves as joint sponsor with 
the National Fire Protection Association on 
ASA Project C5. This project relates to the 
Code for Protection against Lightning, a 
revision of which has been completed and is 
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in the process of approval as an American 
Standard. 

Other ASA projects on which the Institute 
serves as joint sponsor are C79, Industrial 
Control Apparatus, with NEMA; and £32, 
Graphical Symbols and Abbreviations for 
Use on Drawings, <32, with American Soci- 
ety of Mechanical Engineers. The organ- 
ization and personnel of both of these sec- 
tional committees is at present being re- 
viewed in prospect of renewed activity in 
these subjects. 

The Institute is represented on 56 other 
ASA sectional committees, but no attempt is 
made in this report to cover the very con- 
siderable contributions which AIEE repre- 
sentatives have made to these ASA projects 
for which the AIEE does not have the re- 
sponsibility of sponsorship. 


Standards Committee Organization, It 
became apparent that there is a need for 
some guidance to Institute committees which 
develop standards in the voting procedure in 
these committees and in reporting the degree 
of consensus obtained on standards which 
they pass to the Standards Committee for 
approval. The Standards Committee has 
appointed a subcommittee to study and re- 
port on this subject. 

The Standards Committee regards its 
close working relations with the Institute 
technical committees and its representatives 
on other committees as highly important. 
During the year one of the subjects of chief 
concern was to bring about some form of 
liaison with these committees comparable to 
the former relations obtained by ex officio 
memberships on the Standards Committee. 


UNITED STATES NATIONAL COMMITTEE OF 
THE INTERNATIONAL ELECTROTECHNICAL 
COMMISSION 

Dr. H. S. Osborne, Chief Engineer of the 
American Telephone and Telegraph Com- 
pany, was re-elected President of the United 


States National Committee (USNC) of the 
International Electrotechnical Commission 
for the calendar year of 1951. At the same 
time, P. H. Chase, Chief Engineer of the 
Philadelphia Electric Company, and R. C. 
Sogge, Manager of the Standards Division of 
the General Electric Company, were elected 
as Vice-Presidents of the USNC for the 
calendar year of 1951. 

At the invitation of the French Electro- 
technical Committee, the International 
Electrotechnical Commission (IEC) held 
its annual meeting in Paris from July 10 to 
21, 1950. This meeting was attended by 
almost 300 delegates representing 16 na- 
tions, and was the largest meeting of the IEC 
since the war. It comprised meetings of 11 
international technical committees, several 
subcommittees, and the International Spe- 
cial Committee on Radio Interference 
(CISPR). The IEC Committee of Action, 
which deals with administrative matters in 
the interval between meetings of the Council, 
also met. The United States was repre- 
sented by 14 technical delegates well versed 
in their respective fields. The delegation 
was headed by P. H. Chase, Vice-President 
of the USNC. Meetings of the following 
technical committees were held in Paris: 


Technical Committee 3—Graphical Symbols 

Technical Committee 7—Aluminum 

Technical Committee 12—Radio Communication 

Technical Committee 23—Electrical Accessories 

Technical Committee 24—Electric and Magnetic 
Magnitudes and Units 

Technical Committee 25—Letter Symbols 

Technical Committee 28—Co-ordination of Insulation 

Technical Committee 32—Fuses 

Technical Committee 33—Power Capacitors 

Technical Committee 34—Lamps, Lamp Caps, and 
Holders 

Technical Committee 35—Dry Cell Batteries 


In addition, a meeting of Technical Com- 
mittee 5 on Steam Turbines was held in 
London July 6 to 8, 1950. 

Considerable progress has been made in 
the technical committees during the year. 
Several proposed international recommenda- 
tions in the field of radio, electric lamps, let- 
ter symbols, turbine-type generators, and 
electric motors are now before the national 
committees of the member countries of the 
IEC for approval as International Standards. 
Among these are: 


Color Code for Fixed Resistors 


Specification for Series of Preferred Values and Their 
Associated Tolerances for Resistors and Capacitors for 
Apparatus for Radio Communication 


Specification for Tungsten Filament Lamps for General 
Service 


International Letter Symbols for Use in Connection 
with Electricity—Magnitude Symbols, Alphabets, and 
Letter Type 
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Calendar Years 


1930 1935 1940 1944 1950 
Number of Gonference Papersiii..- ssc: cee ccecls sens cesne cons GAR ees a: Beit CAoG SSP 284 
Number of District; Papers. ics. cscs say oy ace navies beac basses Bighercrers WW ads sda Ll Fonesarers 105 
Numberiof ACO iBapers:jysiecieiciclsvile ceale icici) OZ vie/viniels Brose Saas [ee re 44 
‘Fotal of Unpublished Papers.........002.e.00002-+  32.....% POI retes «i= fierce eo 433 
Number of Transactions Papers................-.. 167...... NO Tiare aia. ETS ani, 38 Dak atentoe 238 
Membership as of May 1st..........:seeccsuenues TS }OOS mnt 14,269 ..... PAVE A OS DAWAQM wastes: 34,198 
Unpublished Papers X100/Membership........... OAS theres OSZ6 sree UR OCU ae 0.546 ..... 1.27 
Published Papers X 100/ Membership.............. O93) create OF Boot OR OOM ata Tei Og sean 0.696 
* 50 per cent estimated (assumption 4 papers per conference). 

Report of the Board of Directors 2145 


Preferred Standard 3,000 Rpm 3-Phase 50-Cycle Tur- 
bine Type Generators 


Two new subcommittees have been organ- 
ized: one on Dimensional Standards for 
Electric Motors, and another on Turbine- 
Type Generators. Meetings of these groups 
were held in London in November 1950, 
and a representative of the USNC was 
present at both meetings. 

During the course of the year, two new 
member countries have been added to the 
IEC; namely, Israel and Yugoslavia. 

The next annual meeting of the IEC will 
be held in Estoril, Portugal, during the 
period of July 4 to 12, 1951. In addition to 
meetings of the Council and Committee of 
Action, meetings of the following technical 
committees have been scheduled to be held 
at that time: 


Technical Committee 1—Nomenclature 
Technical Committee 2—Rotating Machinery 
Subcommittee 2A of Technical Committee 2— 
Turbine-Type Generators 
Subcommittee 2B of Technical 
Dimensions for Electric Motors 
Technical Committee 8—Standard Voltages and Cur- 
rents 
Subcommittee 3 of Technical Committee 12 on Radio 
Components 
Technical Committee 14—Transformers 
Technical Committee 15—Insulating Materials 
Technical Committee 17—Switchgear 
Technical Committee 28—Co-ordination of Insulation 


Committee 2— 


Arrangements have been made for the 
USNC to be well represented at these meet- 
ings. 

The invitation extended by the USNC to 
hold meetings in the United States in 1954 to 
celebrate the 50th Anniversary of the found- 
ing of the IEC (which was founded in St. 
Louis, Mo., in 1904) has been accepted, and 
preliminary plans are now being made for 
these meetings. 


UNITED STATES NATIONAL COMMITTEE OF 
THE INTERNATIONAL COMMISSION OF 
ILLUMINATION 


During the year 1949-1950, the United 
States National Committee has been ac- 
tively engaged in preparation for the 
sessions which are to be held in Stockholm 
in June 1951. An organization meet- 
ing for the Stockholm sessions was held in 
Amsterdam on January 23. At this meeting, 
the recommendations of the USNC for sepa- 
rate sessions for papers of general interest re- 
ceived favorable consideration. Five of the 
six papers submitted by Americans have 
been accepted for presentation, These are: 


The Engineering Evolution of the Fluorescent Lamp by 
Dr. E. F. Lowry, Sylvania Electric Products, Inc. 


The Subjective Appraisal of Brightness by S. K. Guth, 
General Electric Company 


Daylight in Classrooms by Prof. 8. L. Biesele, Jr., 
Southern Methodist University 


Home Lighting Practice by Miss Myrtle Fahsbender, 
Westinghouse Lamp Division 


Space Concepts of Lighting by R. G. Slauer, Sylvania 
Electric Products, Inc. 


In addition, the USNC has been requested 
to invite Doctor Evans of the Eastman 
Kodak Company to present a paper on color 
and vision at a special meeting. Present 
indications are that the USNC will be repre- 
sented at the Stockholm sessions by an ex- 
ceptionally large and well-qualified delega- 
tion, with at least one outstanding United 
States expert at every committee meeting. 

During the year, it developed that the 
Central Bureau, which is now located in the 
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United States, lacked both manpower and 
financial resources to carry on the work. 
Unusual expenses in connection with the 
production of the Proceedings and the de- 
valuation of the pound had reduced the 
available income to an amount far below 
that necessary for the successful operation of 
the Bureau. If the International Commis- 
sion of Illumination is to continue to exist 
and grow, some arrangements must be made 
to ensure more adequate and reliable sources 
of income. The present annual dues from 
national committees ($6,000) will not sup- 
port this activity. 

Therefore, it was proposed that a com- 
mittee be constituted to raise funds to assist 
in financing the Central Bureau from June 1, 
1950, to June 1, 1952, these funds to be solici- 
ted from firms engaged in the lighting busi- 
ness on an international scale. This pro- 
posal was placed before the members of the 
USNC in the form of a letter ballot and was 
approved. One of the first activities of this 
committee was the preparation of an in- 
formational brochure. It was originally 
planned to ask United States firms to under- 
write the operation of the Central Bureau in 
the amount of $24,300, for the period June 1, 
1950, to June 1, 1952, only, but it now 
appears that $30,000 will be needed. A re- 
port on the outcome of these solicitations has 
not been made yet. A system of sustaining 
membership on an international basis similar 
to the procedure in use in the Illuminating 
Engineering Society is also under consider- 
ation. 


COMMITTEE ON STUDENT BRANCHES 


Upon the recommendation of the Com- 
mittee on Student Branches, the Board of 
Directors authorized the establishment of 
four additional Student Branches during the 
year. ‘These Branches were authorized at 
the University of Massachusetts, the Uni- 
versity of Toledo, and the United States 
Naval Academy. These additional Branches 
bring the total number to 133. 

Sections 33, 51, 53, 60, and 84 of the By- 
Laws, relating to Student membership and 
Student Branches, were amended by the 
Board of Directors at its meeting on October 
26, 1950, in accordance with the recommen- 
dations of the Committee on Student 
Branches and the Committee on Constitution 
and By-Laws. These changes in the By- 
Laws clarify certain points regarding Student 
membership, include the Chairmen of the 
District Committees on Student Activities as 
appointed members of the Committee on 
Student Branches, and adjust the times for 
nominating and appointing District Com- 
mittees on Student Activities. The latter 
adjustments enable the President-elect to 
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appoint the members of the Committee on 
Student Branches at the same time other 
committee appointments are made. 

A previous amendment of Section 53 of 
the By-Laws changed the Student member- 
ship dues from $3.00 to $5.00 per year. The 
increase will become effective May 1, 1951. 
This is the first change in the Student mem- 
bership dues since that grade of membership 
was established in 1903. When the dues 
were increased, the Board of Directors re- 
quested the Committee on Student Branches 
to investigate and report to the Board ways 
and means by which the Institute may 
further promote the student program. A 
subcommittee charged with the responsi- 
bility of this investigation has been working 
on the project since the summer of 1950 and 
submitted a progress report at the January 
23, 1951, committee meeting. The progress 
report was reviewed and referred back to the 
subcommittee for further investigation and a 
report at the June meeting of the committee 
in Toronto, Canada. 

Last year, a subcommittee presented a re- 
port on making available to each of the 
Branches a certificate to be awarded, at their 
discretion, to a Student member for out- 
standing activity. After further study, this 
report was recommended to the Board of 
Directors and it was approved by the Board 
at its meeting on January 25, 1951. These 
certificates were made available to the 
Branches this year. 

The Joint AIEE-IRE Co-ordination Gom- 
mittee at its meeting on November 7, 1950, 
made the following recommendation to the 
AIEE and IRE: 


“That a continuing joint subcommittee be established 
under the Education Committee of the IRE and the 
Student Branch Committee of the AIEE. The purpose 
of the subcommittee will be to resolve differences of 
Joint Student Branches, which are of such magnitude 
or of such specialized nature that they cannot be settled 
by the Executive Secretary of the IRE and the Secretary 
of the AIRE.” 


The Committee on Student Branches rec- 
ommended such a joint subcommittee to the 
Board of Directors, and it was approved by 
the Board at its meeting on January 25, 1951. 
The Board of Directors of the IRE had 
previously approved the joint subcommittee 
on November 8, 1950, and it has been estab- 
lished. { 

Because of the number of Student mem- 
bers being called into the armed services, the 
committee recommended to the Board of 
Directors that the policy of granting sus- 
pended membership for Student members, 
followed during World War II, be applied 
in the present national emergency. This 
recommendation was approved by the 
Board, to become effective at the beginning 
of the fiscal year, May 1, 1951. 


AIEE TRANSACTIONS 


The committee held two meetings, one in 
Pasadena, Calif., on June 14, 1950, and the 
other in New York, N. Y., on January 23, 
1951. 


TECHNICAL ADVISORY COMMITTEE 


Technical Committee Organization. Two 
new technical committees were established in 
the Science and Electronics Division to meet 
the expanding activities of this division, The 
Subconimittee on Magnetic Amplifiers was 
transferred to technical committee status, 
and the Committee on Therapeutics was 
merged with the Joint Subcommittee on 
Electrical Aids to Medicine to form the new 
Committee on Electrical Techniques in 
Medicine and Biology, thereby increasing 
the number of active technical committees to 
a total of 39. 


Administration of Joint Subcommittees. 
Progress was made during the year toward 
reducing the number of joint subcommittees 
subject to joint administration. The Joint 
Subcommittee on Electrical Aids to Medi- 
cine was merged into the Committee on 
Electrical Techniques in Medicine and 
Biology, as noted above, and the Joint Sub- 
committee on Instrument Transformers was 
assigned for administrative purposes to the 
Committee on ‘Transformers. Joint ad- 
ministration of a limited number of joint 
subcommittees will continue into the next 
administrative year, partly to afford addi- 
tional experience, and partly in anticipation 
that some subcommittees will be transferred 
to the status of technical committees. 


Special Technical Conferences. Special 
technical conferences have become a perma- 
nent Institute technical activity. On an 
over-all basis, this activity has been finan- 
cially self-sustaining. 


Member Classification. The lack of a 
classification of Institute membership accord- 
ing to interest has been a drawback in the 
preparation of mailing lists to publicize 
special technical conferences and other tech- 
nical activities. Various means for estab- 
lishing a classification are under study. 
Consideration is being given to the utiliza- 
tion of the tabs on the available addresso- 
graph equipment to permit classification 
according to Division interest as the first step 
toward a more complete classification. 


AIEE Participation in Centennial of 
Engineering. The Technical Advisory 
Committee is co-operating with the local 
committee for the participation of the 
Institute in the centennial anniversary cele- 
bration of the American Society of Civil 
Engineers scheduled for the week of Septem- 
ber 7, 1952, in Chicago. Preliminary plans 
provide for three days of AIEE-sponsored 
sessions on subjects appropriate to the occa- 
sion. Liaison is being effected by repre- 
sentation from each Division on the local 
committee. 


Committee Scopes. Efforts were con- 
tinued during the year to bring existing tech- 
nical committee scopes up to date and to have 
scopes prepared for subcommittees and 
working committees where these were lack- 
ing. A complete roster of personnel and 
scopes for these subcommittees has been in- 
cluded in the Year Book for 1950. 


Technical Activities. The technical ac- 
tivities of the Institute continued at an in- 
creased rate during the year as indicated 
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elsewhere in the annual report. The prob- 
lem of equal distribution of the burden of 
technical sessions among the four general 
meetings of the Institute has been considered. 
Studies toward effecting a satisfactory solu- 
tion will be continued. 


Technical Conference Papers. The 
status of technical conference papers has been 
reviewed, with indications of the need of 
remedial action. It has become quite 
apparent that conference papers are no 
longer being used as originally intended. 
Instead, they have grown in number to such 
an extent that they constitute the major form 
of paper presentation. The effect has been a 
loss in the Transactions, which constitute the 
permanent record of the advancement in the 
art of electrical engincering, of some valuable 
material. Much of the difficulty stems from 
the fact that the budget does not permit pub- 
lications to parallel the expansion of the 
technical activities of the Institute. 


Manual of Instructions. The manual of 
instructions made available to technical com- 
mittee chairmen, as a source of information 
for their guidance in the performance of their 
duties, has been revised and enlarged in light 
of the experience during the past year. A 
calendar of dates covering general and Dis- 
trict meetings, closing dates for paper sub- 
mission, and so forth, has been included for 
the convenience of chairmen. 


Forum of Technical Committee Chair- 
men. Forum meetings of technical com- 
mittee chairmen with a panel of appropriate 
general committee chairmen were instituted 
at the Fall General Mecting. Although 
originally contemplated as an annual event, 
the Oklahoma City forum meeting was so 
successful that it was followed by a meeting 
in New York City, and a third is to be held in 
Toronto. The objectives of the forum are to 
afford an opportunity for the exchange of 
opinions, the submission of expressions for 
preferred action on matters relating to tech- 
nical activities, and the statement by chair- 
men of general committees of specific prob- 
lems and the extent of co-operation desired 
from technical committee chairmen. 

The New York City forum is responsible 
for the recent Board action permitting the 
waiver of registration fees for nonmember 
authors who have been invited to present 
papers before the Institute members. 


TECHNICAL PROGRAM COMMITTEE 


Papers Presented. ‘Technical activity 
in the Institute continues to rise, and the past 
year sets a new record in papers presented 
and published. This increased activity was 
especially noticeable at the Winter General 
Meeting, where there were eight concurrent 
sessions at many periods on the program, 


and a total of 68 technical sessions and con- 
ferences were held. The two sessions on 
“Operation of Utilities under Military At- 
tack” were of outstanding interest. A tabu- 
lation of papers classified by meetings is 
given in Table XII. 


Conference Papers. A record number 
of papers has been accepted for Transactions, 
but the increase in conference papers con- 
tinues to be the outstanding trend. This 
channel for bringing recent developments 
promptly to the attention of our membership 
has been especially important in the Com- 
munication and Science and Electronics 
Divisions. The conference papers presented 
appear to be appropriate for this channel be- 
cause only about 10 per cent of them are sub- 
sequently presented by title and published in 
Transactions. It should be recognized that 
much of the material presented in conference 
papers cannot be made available in any more 
formal manner. 


Relation of Forum and Technical Pro- 
gram Committee. The forum of technical 
committee chairmen, which held the first 
meeting in Oklahoma City, provides a valu- 
able opportunity to discuss Institute prob- 
lems. ‘The discussion of registration fees for 
nonmember authors at the Winter forum 
brought the problem to the attention of the 
Directors who took appropriate action. 
Conference papers were also considered at 
the Winter meeting, and will be continued 
on the agenda at the Summer meeting. The 
needs of the Technical Program Committee 
would be served more effectively if this com- 
mittee held a special forum during Septem- 
ber. This meeting should discuss details of 
handling technical papers, particularly for 
the information of new committee chairmen. 
Tentative plans for the technical program for 
the year could also be made. A forum at the 
Fall General Meeting comes a little late for 
best results and may not be well attended by 
technical committee chairmen. 


COMMITTEE ON TRANSFERS 


In addition to answering quite a number 
of communications from Section transfer 
committees, the committee held two general 
meetings—one in Pasadena, in June, and 
the second in New York, in January. At 
the Pasadena meeting, Lloyd Hunt of the 
Los Angeles Section described an activity 
which appeared to have considerable merit. 
They have formed the Fellows of that area 
into a group called the Royal W. Sorenson 
Fellows, having one meeting per year. This 
meeting provides an opportunity for the 
Fellows in the Los Angeles area to get to- 
gether informally and at the same time gives 
a certain amount of recognition to that group. 

At the New York meeting of the com- 
mittee, it was decided to withhold printing 
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of the guide for local transfers committees 
until the proposed changes in membership 
requirements and the procedure in the elec- 
tion of Fellows had been voted upon by the 
membership. The committee urges that, 
as soon as the new requirements and proce- 
dures are decided and settled, this guide be re- 
vised and issued, as there is a definite need 
for it. 


TECHNICAL DIVISIONS AND 
COMMITTEES 


wt 


Communication Division 


COMMITTEE ON COMMUNICATION 
SWITCHING SYSTEMS 


One committee meeting was held and two 
technical sessions were sponsored. The 
session on the subject of community dial 
offices referred to in last year’s report was 
held at the Fall General Meeting. There 
appeared to be considerable general interest 
in this subject, and the committee is attempt- 
ing to obtain sufficient papers on it to con- 
stitute a second session for the Fall General 
Meeting. The session sponsored for the 
Winter General Meeting covered subjects on 
telegraph switching and supervisory ar- 
rangements developed for long-haul tele- 
phone trunks. This session was well at- 
tended and the discussions were lively and 
stimulating. 

The committee expects to be able to 
sponsor a symposium of papers on the 
subject of nation-wide operator toll dialing 
at the 1952 Winter General Meeting. In 
view of the wide interest in this subject and 
its extreme importance in the telephone 
switching field, it should constitute a meeting 
of considerable interest. 


COMMITTEE ON RADIO COMMUNICATIONS 
SYSTEMS 

The committee held one formal meeting— 
on January 25, 1951. Mr. Dickieson, 
Chairman of the Subcommittee on Mobile 
Radio, submitted a comprehensive report of 
the work done on the protection of fixed 
radio stations, intended for mobile radio 
service, against damage by lightning. This 
report is now being studied and revised in 
preparation for publication. 

The committee sponsored one session at 
the Winter General Meeting and one session 
at the Summer General Meeting, and sug- 
gested papers for presentation at the Pacific 
General Meeting. 


COMMITTEE ON SPECIAL COMMUNICATIONS 
APPLICATIONS 

This committee has served to handle 
subjects that do not logically fall within the 
scope of other committees in the Com- 
munication Division. Activities concerned 
with recording, public address systems, 
printer circuits, and various components 
have been handled during the past year. 
The committee has processed several papers 
covering these topics, which cover a wide 
range of interest. 


COMMITTEE ON TELEGRAPH SYSTEMS 


The past year’s work of this committee 
culminated during the Winter General 
Meeting in a well-rounded technical session 
covering several recent developments in 
electronic applications to telegraphic com- 
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munication. A meeting of the committee 
also was held during the Winter General 
Meeting to review the progress of the year 
and set a course for the coming year. It was 
obvious that considerable interest had been 
aroused by the several papers presented on 
multiplex operation, particularly on the 
subject of the relative merits of frequency 
versus time-division systems. The com- 
mittee therefore concluded that it would be 
worth while to pursue the subject further. 
It is hoped that this will result in an addi- 
tional paper on a new time-division system 
and a paper on recent applications of 
frequency-shift diplexing, possibly for the 
Fall General Meeting. 

It was agreed that active work should 
proceed on a collection of reference informa- 
tion on the various types of printers, codes, 
keyboards, and so forth, used in the opera- 
tions of American and foreign telegraph 
carriers. The need for such a collection was 
recognized in the previous year, but, because 
of the pressure of other matters, the work of 
preparation had to be postponed. 

Several new developments were brought 
to the attention of the committee. Short- 
haul carrier facilities have been developed 
to alleviate the shortage of d-c physical wires 
for telephone service, and may provide an 
interesting paper during the coming year. 
New terminal equipment is being developed 
for the rapid setting-up and changing of 
program networks. Modern traffic engi- 
neering aspects of the terminal handling of 
record communications by printer, facsimile, 
telephone, and messenger warrant further 
attention by the committee. 

The growing importance of facsimile in 
both military and civilian applications 
should be of interest. New continuous re- 
corders, high-speed techniques for trans- 
mission of printed matter as well as photo- 
graphs and drawings, and the application 
of such equipment to practical telegraph 
systems, indicate that there may well be 
material for a future technical session on 
facsimile. All of these items are being 
followed closely by the committee. 


COMMITTEE ON TELEVISION AND AURAL 
BROADCASTING SYSTEMS 


This committee was newly formed this 
year, combining the scope of the former 
two Committees on Television Systems and 
Aural Broadcasting Systems. One meeting 
of the committee was held on September 15, 
1950, at which plans were made for sponsor- 
ing technical sessions. During the Winter 
General Meeting the committee sponsored 
a technical session on the more recent de- 
velopments in the television field. Three 
papers on color television and one on ultra- 
high-frequency television were presented 
and were well received by the large group 
in attendance. Work is in progress toward 
sponsoring a session on broadcasting at the 
Fall General Meeting. A review was pre- 
pared, which was subsequently published in 
Electrical Engineering, covering the outstanding 
developments during 1950 in the field of 
broadcasting. Since it was thought that 
standardizing work was being adequately 
covered by other groups, no new work in 
this direction was undertaken this year. 


COMMITTEE ON WIRE COMMUNICATIONS 


SYSTEMS 


This committee held meetings and spon- 
sored technical sessions at: the Summer and 
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Pacific, Fall, and the Winter Gehieral 
Meetings, and plans meetings at the Sum- 
mer and Pacific General Meetings. These 
meetings have enabled more members to 
attend committee sessions than was possible 
when only New York committee meetings 
were held. Consideration is being given 
to establishing standards of various types, 
and information is being gathered toward 
thatend. While the need for such standards 
is clear, it is not yet certain that they can’ be 
successfully prepared in the present state of 
the art. 


General Applications Division 


COMMITTEE ON AIR TRANSPORTATION 


The committee met last October at the 
Middle Eastern District Meeting. Tenta- 
tive plans were made for the 1951 meeting 
to be held in Portland, Oregon, in conjunc- 
tion with the Pacific General Meeting: 
Since then, the greatly increased activity 
in the aircraft industry has made it impera- 
tive to hold the meeting near the largest 
possible concentration of aircraft activity. 
The committee plans to have a special 
technical conference on aircraft equipment 
in Los Angeles, Calif., October 8-10. 


Aircraft Electrical Rotating Machinery 
Subcommittee. On March 16, 1951, copies 
of a Proposed Test Code for D-C Machines 
was mailed to the members of the Com- 
mittee on Air Transportation and other 
interested parties. The subcommittee is 
presently working with the Systems Sub- 
committee in the review of the ‘Aircraft 
Electric System Guide Report, AIEE 750.” 


Principles of Altitude Rating of Elec- 
trical Apparatus Subcommittee. A report 
titled “Generator Blast-Air Cooling”? has 
been compiled, and is now in the process 
of circulation among the members of the 
subcommittee for comments. When the 
comments are received, it will be revised 
and submitted to the main committee. 

Information is being compiled on variation 
of air temperature with altitude so that a 
series of curves may be drawn giving realistic 
temperature limits for use in designing 
electric apparatus for aircraft. 


Aircraft’ Electrical Systems Subcom- 
mittee also is reviewing the ‘Aircraft 
Electric System Guide Report, AIEE 750.” 
It is expected that revised drafts of certain 
sections of this report and certain new sections 
will be prepared for consideration by the 
Committee on Air Transportation. 


Aircraft Electrical Control, Protective 
Devices, and Cable Subcommittee is re- 
viewing the AIEE Preliminary Test Code 
807 on circuit breakers for the purpose of 
co-ordination with the new MIL-C-Speci- 
fication. 

The proposed AIEE Test Code on Aircraft 
Carbon-Pile Voltage Regulators is being 
reviewed: in light of the comments received 
following circulation to members of the 
Committee on Air Transportation. 

Sections 400 and 500 of the Aircraft 
Electric Systems Guide, AIEE Report 750, 
are being reviewed. 


COMMITTEE ON DOMESTIC AND COMMERCIAL 
APPLICATIONS 


The activities of the committee are carried 
on by four subcommittees, three of which 


AIEE TRANSACTIONS 


have been functioning in the past, while 
one is new. 


Subcommittee on Electric Space Heating 
and Heat Pumps for the Pacific Coast 
is co-operating with the program committee 
for the Pacific General Meeting. The 
subject is timely, especially for that section 
of the United States, and because of the 
relative newness of the application there is 
much @pportunity for the exchange of tech- 
nical information tending to foster engineer- 
ing progress in this field. 


Subcommittee on Electric Space Heating 
and Heat Pumps for the East sponsored a 
very successful session at the Winter General 
Meeting. This followed a similar session 
a year ago, and the large attendance at 
both sessions gave evidence of the interest 
which this subject holds in the East, as well 
as on the Pacific Coast. 


Subcommittee on Domestic Appliances 
is co-operating with the Columbus Section 
for a technical conference to be held at 
Battelle Memorial Institute in Columbus, 
Ohio, on May 15. A technical conference 
sponsored by this same subcommittee in 
June 1950 in Cleveland, Ohio, was well 
attended. The two subjects were automatic 
washers and electric ranges. That con- 
ference probably was the first AIEE meeting 
ever devoted solely to the subject of domestic 
appliances. A considerable segment of the 
appliance industry does not have adequate 
outlet for the exchange of technical informa- 
tion, and it is the hope of this committee 
that this industry will use AIEE as a forum 
for engineering advances in this important 
field. 

A new Subcommittee on Farm Electri- 
fication was formed during the year which 
has not been active as yet, but the ground- 
work has been laid for continuance in future 
years of activity in this field. While AIEE 
has taken an active part in meetings and 
papers relating to the problems of bringing 
electric power to the farm, there has been 
comparatively little attention paid, tech- 
nically, to the many and rapidly growing 
applications for the utilization of electricity 
in farming. The committee has had a 
delegate to the National Farm Electrification 
Conference, L. R. Emmert, who is also 
chairman of this subcommittee. Future 
subcommittee activity in this field will 
include co-operation with other organiza- 
tions, including the American Society of 
Agricultural Engineers. 


COMMITTEE ON LAND TRANSPORTATION 


This committee has been very active 
during the year in keeping the Institute 
informed, by papers and reports, of the 
progress and new developments in land 
transportation. It participated in the pro- 
grams of the Summer and Pacific and 
Winter General Meetings. The papers 
sponsored and presented by this committee 
at these two general meetings covered an 
unusually broad scope. At Pasadena, the 
papers presented were specifically related 
to the design features of the electric and 
Diesel-electric locomotives, by means of 
which the American railroads are becoming 
electrified” rapidly. 

The papers presented during the first 
session of the Winter General Meeting were 
devoted to heavy traction subjects, which 
covered the recent improvements in multiple- 
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unit car motors, both a-c and d-c, and their 
control, a description of a new train per- 
formance calculator, and the technical de- 
tails of the modern cab signaling and train 
control equipment now in use on many 
railroads. The second session was devoted 
to light traction subjects, the papers covering 
recent progress in design of light-weight rapid 
transit cars, their motors and control, and 
the power supply problems of urban trolley- 
coach operation. All meetings were un- 
usually well attended, and, in the discussion 
of the papers, the members present indicated 
by their keen interest that progress is still 
being made in electric transportation which 
is now over 55 years old. 

In September 1950 a large group of 
European railway engineers and _ officials 
were brought to this country under the 
auspices of the Economic Co-operation 
Administration. Many of the members of 
the committee had the opportunity of 
meeting with the subgroup studying Ameri- 
can railway electrification, and are now 
keeping in close touch with recent electric 
transportation developments in Europe. 

In addition to sponsoring the presentation 
of papers, two meetings of the committee 
were held, the first in Philadelphia in May, 
where members had the opportunity of 
inspecting the “Ignitron-rectifier’’ car with 
d-c motors in use on the Pennsylvania 
Railway a-c electrification and the electric 
train performance calculator which had 
recently been placed in service on that 
railroad. New a-c multiple-unit car equip- 
ment recently acquired by the Reading 
Railroad was inspected also. The second 
meeting of the committee was held during 
the Winter General Meeting, at which time 
plans for participation in the Summer 
General Meeting were outlined. A _ well- 
organized program of papers for presentation 
in two sessions has been prepared. 


COMMITTEE ON PRODUCTION AND 
APPLICATION OF LIGHT 


A lively conference session under the 
auspices of this committee was held during 
the Winter General Meeting, where there 
was an open discussion of the problem of 
the measurement and control of audible 
noise from fluorescent lighting equipment. 

At the annual committee meeting, held 
during the Winter General Meeting, plans 
were laid for an added session next year, 
probably in connection with the Fall General 
Meeting, to deal with problems of lighting 
as affected by the critical materials situation. 
It is probable that this session will be co- 
sponsored) by the Subcommittees on Dis- 
tribution Systems for Industrial Plants and 
Distribution Systems for Commercial Build- 
ings of the Committee on Industrial Power 
Systems. 

The subject chosen for the usual session 
at the next Winter General Meeting is 
“Ultraviolet Radiations.’ The Subcom- 
mittee on Ultraviolet Radiations will make 
a formal report at that time. 


COMMITTEE ON MARINE TRANSPORTATION 


The committee held two well-attended 
meetings at Institute headquarters, in May 
and December. It has been working on 
revisions to ‘‘Recommended Practices for 
Electrical Installation on Shipboard,” as 
issued in December 1948. As the stock of 
this Standard was exhausted, the committee 
requested the Institute to reprint the 1948 
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issue with a supplementary sheet covering 
corrections for use until such time as the 
1948 issue could be revised. It also has 
been working on the international standardi- 
zation of electric installations on shipboard. 


Subcommittee Activities. Subcommittees 
consist of: Power Generation, Power Ap- 
plications, Wires and Cables, Switchboards 
and Controls, Distribution, Fittings and Ap- 
pliances, Communications and Alarms, and 
Navigation Equipment. All of these sub- 
committees have been quite active, each 
reviewing the sections of Standard 45 under 
its cognizance and making reports to the 
main committee for action. 


Industry Division 


COMMITTEE ON CHEMICAL, 
ELECTROCHEMICAL, AND ELECTROTHERMAL 
APPLICATIONS 


The committee held a meeting at the 
Winter General Meeting, at which it was 
decided to recommend a shorter committee 
name. The name of the Arc Furnaces and 
Electrothermal Processes Subcommittee was 
changed to the Electrothermal Processes 
Subcommittee. The name of the Pe- 
troleum Refining and Production Sub- 
committee was changed to the Petroleum 
Industries Subcommittee. 

Sessions were held in Pasadena in con- 
junction with the Committee on Industrial 
Power Systems, in Oklahoma City, two at 
the Winter General Meeting, and one at 
the Southern District Meeting. 

For the coming year, this committee is 
sponsoring a session each for the Summer, 
the Pacific, and the Fall General Meetings, 
and three sessions for the Winter General 
Meeting. 


Electrothermal Processes Subcommittee 
is continuing its study of the problems of arc 
furnace application, and is planning a full 
session with emphasis on operating condi- 
tions. 


Cathodic Protection Subcommittee held 
a meeting in Oklahoma City and one at the 
Winter General Meeting, and has scheduled 
a meeting for the Fall General Meeting. 
A 5-year schedule of activities has been 
worked out, and the subcommittee will co- 
ordinate its work with that of the National 
Association of Corrosion Engineers. A full 
session is scheduled for the Fall General 
Meeting. 


Electrolytic Processes Subcommittee has 
a full session planned for the Pacific General 
Meeting on “Electrical Applications in the 
Aluminum Industry.” 


Petroleum Industry Subcommittee pre- 
pared a full session on ““The Petroleum In- 
dustry in Canada” for the Summer General 
Meeting, and is planning two sessions for 
the Winter General Meeting on “Electrical 
Applications for Pipe Line Transportation.” 


Storage Batteries Subcommittee is work- 
ing on the basic problem of defining storage 
battery capacity, and is collecting informa- 
tion on various types of accumulators which 
will appear in one or more papers. 


Chemical Industry Subcommittee is 
planning a full session for the Winter General 
Meeting, and will present a summary of the 
properties of cable insulations suitable for 
chemical plants and refineries. 
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COMMITTEE ON ELECTRIC HEATING 


The committee did not sponsor any ses- 
sions at general meetings since it was con- 
sidering a possible special conference. This 
was finally postponed for the present because 
of various difficulties which arose. Instead, 
sessions are being considered for the Fall 
and Winter General Meetings. 


Induction and Dielectric Heating Sub- 
committee has completed its work on pro- 
posed definitions, and is endeavoring to 
secure approval. Final assembly of pro- 
posed equipment standards is going on at 
present. A continuing function is co- 
operation with the Federal Communications 
Commission on reports of radio interference 
from heating equipment. 


Radiation Measurements Above 300 
Megacycles Subcommittee has almost com- 
pleted its work on Recommended Practice 
for Measurement of Field Intensities above 
300 Megacycles from R. F. Industrial, 
Scientific and Medical Equipments. It is 
expected that this will shortly be presented 
to the Standards Committee for approval. 


Radiant Heating Subcommittee is con- 
tinuing its investigation into basic informa- 
tion over a wide field, covering selective 
absorption of different wavelengths by 
various materials, characteristics of different 
heat sources, and new applications. 


Technical Data Subcommittee is a new 
group organized to gather into working form 
information on the physical and electrical 
properties of different materials, in order to 
assist in solving various electric heating 
problems. 


COMMITTEE ON ELECTRIC WELDING 


During the year the “‘newest’’ activity has 


been expressed through the Fundamental 
Electric Arc Research Subcommittee. 
Choosing the electric arc as the field that re- 
quired most work, this subcommittee has 
stimulated interest in the whole corps of men 
who are doing fundamental arc research. 
They have pooled the resources of several im- 
portant work-centers to begin a card-index 
bibliography that is running into thousands 
of references. Summaries and translations 
are planned for all items. When further 
need arises, fine classification will be under- 
taken. Further steps of an ambitious pro- 
gram will begin after the bibliography is well 
consolidated. 

The Subcommittee on Power Supply for 
Resistance Welding Machines has also made 
substantial progress: two of the three major 
sections in the Report on Power Supply for 
Resistance Welders are nearly complete, and 
the third section is well under way. It is 
planned to have this report printed late in 
1951 so that it can be presented and fully 
discussed at the 1952 welding conference, 

The key organization for the 1952 weld- 
ing conference has been set up, and pre- 
liminary arrangements and program are 
under way. The meeting will be held in the 
Rackham Building of Detroit, as before. 
Subjects will be chosen in relation to the 
current electrical problems of the industry. 
Exhibits under the auspices of the American 
Welding Society are planned to supplement 
the technical papers. It is expected that the 
value of the new conference will at least equal 
that of past conferences, from which some 15 
papers have been recommended for publica- 
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tion in Transactions. To carry on this work 
and to arrange for the technical sessions at 
general and District meetings, there were 
four committee and eight subcommittee 
meetings, well distributed around the north- 
eastern industrial sections of the country, 


COMMITTEE ON FEEDBACK CONTROL 
SYSTEMS 


The membership of the committee is 
widely distributed over the United States 
and Canada, and includes liaison with the 
Committees on Industrial Control, Mining 
and Metal Industry, Basic Sciences, Com- 
puting Devices, and Instruments and Meas- 
urements, and with The American Society of 
Mechanical Engineers. 

The entire committee met once during the 
year, at the Winter General Meeting. The 
next committee meeting is planned to be held 
at the Summer General Meeting. ‘The com- 
mittee was represented at the forums of 
technical committee chairmen held at the 
Fall General and the Winter*General Meet- 
ings, and at a meeting of specialists to in- 
vestigate the application of Nyquist’s stability 
criteria to dynamic systems, which was held 
March 22 and 23, 1951, in Los Angeles, as 
well as at the meetings of the Industry Divi- 
sion Committee held at the Fall General and 
the Winter General Meetings. 


Subcommittee on Terminology and 
Nomenclature. During the year four meet- 
ings of this subcommittee were held, with 
representation from the American Standards 
Association and The American Society of 
Mechanical Engineers. A progress report 
was presented as a conference paper at the 
Great Lakes District Meeting. The sub- 
committee also plans to have a report pub- 
lished in the July 1951 issue of Electrical 
Engineering. 


Subcommittee on Bibliography. In co- 
operation with a similar subcommittee under 
the Committee on Industrial Control, this 
subcommittee is engaged in compiling a 
bibliography on feedback control systems. 


Technical Papers, ‘The committee spon- 
sored one technical session at the Fall Gen- 
eral Meeting and two at the Winter General 
Meeting. In these sessions, nine Transac- 
tions papers and five conference papers were 
presented. Interest in this field appears to 
be lively, as evidenced by the good attendance 
and discussions at technical sessions and the 
large number of requests for preprints and 
reprints of technical papers. The number of 
papers being submitted for consideration by 
the committee also appears to be growing, 
and enough papers are already available for 
technical sessions at the coming Summer 
General and Pacific General Meetings. 

Technical paper 50-44, “‘A Frequency- 
Response Method for Analyzing and Synthe- 
sizing Contactor Servomechanisms” by 
Ralph J. Kochenburger, sponsored by this 
committee, received first prize in the Indus- 
try Group for the year 1950-51. Doctor 
Kochenburger also received the Alfred Noble 
prize for 1950. 


Conference on Feedback Control Sys- 
tems. The committee plans to schedule a 
conference on feedback control systems in the 
fall of 1951. The conference will afford an 
opportunity for persons in the industries 
employing feedback control systems to dis- 
cuss the state of the art in its many applica- 
tions. 
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COMMITTEE ON GENERAL INDUSTRY 
APPLICATIONS 


The committee held a meeting and spon- 
sored a technical session at the Winter 
General Meeting. The subject was “Elec- 
trical Installations in Hazardous Locations.” 
The session was a continuation of a similar 
session held at the 1950 Winter General 
Meeting. In addition, the committee spon- 


sored through its subcommittees two tech- . 


nical sessions and three special technical con- 
ferences at the Fall General Meeting. These 
technical conferences followed the pattern 
set during preceding years in holding tech- 
nical conferences apart from the general 
mectings where industrial electrical engineers 
can meet others in the same or allied fields 
and discuss electrical applications peculiar to 
their branch of industry. 


Subcommittee on Machine Tools spon- 
sored a 3-day special conference on machine 
tools in Worcester, Mass., and Springfield, 
Vt., on November 14, 15, and 16, 1950, and 
is planning a similar conference to be held in 
the fall of 1951 in Rockford, Ill. 


Subcommittee on Rubber and Plastics 
Industry has been relatively inactive during 
the current year due to illnesses among the 
personnel of the committee. However, the 
committee is planning a special technical 
conference to be held in the spring of 1952. 


Subcommittee on Textile Industry. A 
Northern Textile Conference was held in 
Philadelphia on April 23, 1951, and a 
Southern Textile Conference in Atlanta on 
April 26 and 27, 1951. 


Subcommittee on Pulp and Paper Indus- 
try has been planning a special technical 
conference to be held in the fall of 1951 in 
Kalamazoo, Mich. This conference will 
feature papers on the maintenance and in- 
stallation problems encountered in _ this 
industry. 


Subcommittee on Material Handling. 
Two technical sessions on the application of 
freight elevators, hoists, and conveyors are 
planned for the Fall General Meeting. 
These sessions will prove to be of interest to 
engineers who have charge of the selection, 
operation, and maintenance of material 
handling equipment in industrial plants and 
coal and ore unloading facilities. 


District 7 Subcommittee. Two well- 
attended and interesting sessions dealing with 
electrical applications in the oil industry 
were held at the Fall General Meeting. 
These sessions were jointly sponsored by this 
committee and the Induction Machinery 
Subcommittee of the Committee on Rotat- 
ing Machinery. A special technical confer- 
ence consisting of a 1-day program on this 
same subject is being planned for presenta- 
tion in the fall of 1951 in Houston, Tex. 


West Coast Subcommittee. Two tech- 
nical sessions dealing with the lumber indus- 
try and corrosion and cathodic protection are 
being planned by this committee for presen- 
tation at the Pacific General Meeting. 


Other Activities. The subcommittee 
work discussed does not cover by any means 
all the industries which come within the 
scope of the committee. It is planned to 
add another Subcommittee on Food Process- 
ing Industry during the 1951-52 season, and 
this subcommittee would sponsor technical 
sessions for 1952 Summer General Meeting. 
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Conferences. The Committee on Gen- 
eral Industry Applications believes the con- 
ferences held apart from AIEE general 
meetings have proved to be of immense value 
to industrial electrical engineers. 


COMMITTEE ON INDUSTRIAL CONTROL 


The committee held two meetings and 
sponsored technical sessions during the 
Middle Eastern District Meeting and the 
Winter General Meeting. Plans are under 
way for participation in the Summer General 
Meeting and the Fall General Meeting. 
The following projects have been worked on 
by the various subcommittees. 


Standards Subcommittee is studying 
graphical symbols for connection diagrams 
to determine what symbols are needed by 
industrial users in addition to those now 
contained in American Standard 32.3. 
Several symbols have been suggested by the 
subcommittee to a task group formed by 
the American Standards Association (ASA) 
to study symbols for eventual inclusion in an 
American Standard. 


Electronic Control Subcommittee, 
through its working groups, has completed 
its work on definitions of electronic control 
terms. A list of definitions has been sub- 
mitted to Subcommittee V of ASA Sectional 
Committee C42 for inclusion in the pending 
revised edition of American Standard C42 
‘Definitions of Electrical Terms.” 


Bibliography Subcommittee has com- 
pleted its work on the “Bibliography on 
Industrial Control,’? which has been issued 
by the Institute as Publication 539. The 
subcommittee is following the contemporary 
literature on industrial control preparatory 
to an eventual revision of the bibliography. 


Test Codes Subcommittee studied testing 
methods for behavior of electric contacts. 
Several papers were sponsored by the sub- 
committee on that subject for presentation 
during the Winter General Meeting. Test 
code sections on endurance and interrupting 
ability of a-c contactors and on testing tem- 
perature rise are under active discussion now. 


Regulators and Feedback Control Sys- 
tems Subcommittee is engaged in developing 
definitions of technical terms and system 
classifications which will eventually be dis- 
cussed with other technical committees ac- 
tive in related fields. 


COMMITTEE ON INDUSTRIAL POWER SYSTEMS 


At the Summer and Pacific General Meet- 
ing, the committee sponsored one session 
jointly with the Committee on Chemical, 
Electrochemical, and Electrothermal Appli- 
cations on problems in the petroleum indus- 
try. The committee also sponsored a session 
at the Fall General Meeting. At the Winter 
General Meeting, the committee sponsored 
one session jointly with the Committee on 
Relays, and two sessions on industrial power 
distribution, generation, and relaying. The 
program for a session at the Summer General 
Meeting is practically complete. 


Executive Subcommittee. Only one 
meeting was held, and all other matters were 
settled by correspondence. The subject of 
an industrial power conference for next year 
is currently under study. 


Industrial Plant Grounding. This new 
subcommittee has held two meetings, with 
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the following subjects assigned to working 
groups: (a) System Grounding, (b) Equip- 
ment and Structures Grounding, (c) Static 
Grounding, (d) Earthing. It expects to 
present results in the form of a special pub- 
lication in 1952. 


Distribution Systems for Industrial 
Plants Subcommittee. This subcommittee, 
working on revision of the ‘‘Red Book,” has 
run into difficulty with one chapter but ex- 
pects to have it completed shortly. 


Distribution Systems for Commercial 
Buildings Subcommittee. This subcom- 
mittee has not been very active since publica- 
tion of the ‘‘Green Book,” Special Publica- 
tion $30, last year. About 4,000 of the 5,000 
copies printed have been sold to date. Any 
problems or criticisms will be welcomed. 


Load Characteristics Subcommittee. 
This newly organized subcommittee has 
little progress to report to date, but plans for 
study are being formulated. 


Power Supply Subcommittee. This new 
subcommittee was responsible for two papers. 


Codes and Standards Subcommittee. 
This newly organized subcommittee has a 
double objective, (a) to study and list mini- 


mum standards for industrial use, and (b) to © 


keep in contact with AIEE groups working 
on standards problems to present the indus- 
trial point of view, as in the study made 
several years ago on transformers’ voltage 
rating and taps. 


COMMITTEE ON MINING AND METAL 
INDUSTRY 


During the year the committee held two 
meetings, the first in Cleveland in September, 
during the fall meeting of the Association of 
Iron and Steel Engineers, and the second 
during the Winter General Meeting. The 
activity of the committee has consisted 
principally of extending its organization to 
cover its large field more effectively. 

The mining industry is in two groups sepa- 
rated geographically and in center of in- 
terest. The first, or eastern group, located 
generally east of the Mississippi River, has a 
large majority of its members engaged in soft 
coal and anthracite mining. The second 
group consists of the hard rock miners of the 
West, engaged in mining copper, potash, 
lead, silver, gold, and other ores. Separate 
subcommittees were set up during the year 
for these two groups. 

Two technical sessions on mining at the 
Summer and Pacific General Meeting and a 
session at the Fall General Meeting were 
sponsored by this latter group. Due to the 
great distances in the west, a subcommittee 
meeting has not been held, and some time 
will be required to get the organization com- 
plete. 

A third group associated with both metals 
and mining operations is that engaged in the 
beneficiation of taconite. While the work in 
this field is developing principally around 
methods and pilot plants, it is expected that 
large-scale use of electric power will result. 
No special group has been set up to cover this 
work, 

The two mining subcommittees have been 
working through their liaison representative 
with the American Mining Congress, and 
some work on standards is under way. 

The Metals Subcommittee, in sponsoring 
the technical session at the Summer and 
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Pacific General Meeting on the steel industry 
in the Los Angeles area and the aluminum 
industry in the west, reached the interest of 
the western segments of these two industries 
for the first time. 

The Western (hard rock) Mining Sub- 
committee and the Metals Subcommittee 
both will give support to the Summer and 
Pacific General Meetings. 

Liaison is being maintained with the 
Association of Iron and Steel engineers in the 
electrical phases of the steel industry. 

Due to the geographical distribution of the 
membership of this committee, its program 
does not include a technical session at the 
Winter General Meeting, but a committee 
meeting is normally held during this session. 
Technical programs are scheduled for the 
Summer and Fall General Meetings, where 
larger attendance from the industries served 
is expected. With such geographically 
widespread membership, a directory of com- 
mittee membership has been prepared for 
use within the committee giving a_bio- 
graphical sketch of each member. 

Based on the experience of the committee 
since organization, a manual for committee 
guidance was prepared during the year out- 
lining organization, scope, and procedure. 
This information is intended to be of assist- 
ance to the subcommittees and incoming 
officers. 


Power Division 


COMMITTEE ON CARRIER CURRENT 


This committee held two meetings during 
the year, and plans to call similar meetings 
on a flexible schedule as required by the 
work in process. ‘The committee sponsorea 
technical conference sessions on carrier cur- 
rent matters and on microwave applications 
at the Summer General Meeting. 

Full advantage was taken of contacts 
established with individuals on the West 
Coast to publicize the activities of this group 
and to solicit co-operation from interested 
parties. A vice-chairman representing the 
West Coast was appointed, and has been 
most effective in administering the activities 
among members in that part of the country, 
particularly in planning technical sessions at 
District meetings and bringing in new mem- 
bers. 

Power-line carrier, in general, is being 
called upon to assume greater burdens as 
power systems expand through the addition 
of new plants, lines, and substations. ‘This, 
with the tendency toward automatization, 
requires more channels such as power-line 
carrier for the burden of conveying tele- 
metering, supervisory control, load control, 
and relaying signals, in addition to voice 
communication. 

As in the past, the major part of the work 
has been carried on by subcommittees, each 
of which has followed actively its assignment. 


Subcommittee for Preparation of a 
General Interest Paper. The work of this 
group has been completed and the subcom- 
mittee will be discontinued. 


Subcommittee to Report on Application 
Guidance for Carrier Current. The work 
of this group is nearing completion, 


Subcommittee on Methods of Measure- 
ment is studying further simplification of 
methods, attempting to make them fool- 
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proof, plans to provide more detail in meas- 
urements of line characteristics, and will 
draw up a list of the most suitable instru- 
ments for this work. 


Subcommittee on High Frequency Char- 
acteristics of Power Equipment is making 
measurements in factories whenever the 
opportunity presents itself. 


Subcommittee on Carrier Current Char- 
acteristics of Transmission Lines and Sys- 
tems has assembled considerable data 
through a questionnaire and is now busy 
analyzing these data. 


Subcommittee on Long-life Tubes is 
gathering information from all possible 
sources and will consider, in addition, tube 
life in microwave service. 


Subcommittee on Use of Microwave 
Equipment for Relaying, Telemetering, 
and Supervisory Control. Microwave ap- 
plications are fast approaching the status of 
an exact science, such that it is possible to 
predetermine performance and provide any 
desired order of reliability. The committee 
is actively in touch with all developments and 
will consider methods of co-ordinating with 
existing facilities such as power-line carrier. 


Subcommittee on Operating Experience 
with Carrier Current Relaying Channels 
has assembled much information from a 
questionnaire and a preliminary report is in 
preparation. 


Other Activities. A bibliography of 
technical material on power-line carrier is in 
preparation. Liaison has been maintained 
during the year with the Committee on 
Radio Communications Systems, the Com- 
mittee on Relays, and the Committee on 
Transmission and Distribution. 

The committee is planning to hold a sym- 
posium in the near future, consisting basi- 
cally of: (1) One or more papers expressing 
the general position of power-line carrier and 
its value in the industry, (2) A history of the 
evolution of power-line carrier, as produced 
by the subcommittee for preparation of a 
general interest paper, and (3) Present status 
and application guide, as produced by the 
Subcommittee to Report on Application 
Guidance. 

In general, the committee thinks that, 
judging from the interest shown, there is an 
adequate demand for work of the type which 
it has undertaken, and it is hoped that even 
more rapid progress can be made in the 
coming year. 


COMMITTEE ON INSULATED CONDUCTORS 


The committee has continued its active 
program through a total of some 90 members 
and special members and two regular meet- 
ings, besides special meetings of subcom- 
mittees. 

Some progress has been made regarding a 
number of subjects during the past year, in- 
cluding the following: thermal character- 
istics of cable installed in conduit and of 
pipe-type cable systems; methods for de- 
termining effects of cable movement on life 
of sheath in manholes and the use of lead- 
alloy sheaths to obtain increased life; prac- 
tices on vertical-riser cables; accessories for 
insulated wires and cables; bibliography on 
insulated conductors; impulse testing; and 
characteristics of synthetic insulations. 

In addition to continuing the development 
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of a good number of desirable papers during 
the past year, the committee has in prospect 
a fairly large number of worth-while papers 
for the coming year. 


COMMITTEE ON POWER GENERATION 


The committee held two meetings, one at 
the Fall General Meeting and the other at 
the Winter General Meeting. The activities 
of the committee, as reported by the various 
subcommittees, are as follows: 


Prime Mover. A session was organized 
by this subcommittee for the Fall General 
Meeting, at which recent advances in the 
control of gas turbines for power generation, 
thrust bearing problems, and hydrogen cool- 
ing problems were discussed. 


Station Design. Through the efforts of 
this subcommittee, a session was organized 
for the Winter General Meeting on the co- 
ordination of station design and analysis of 
plant operation troubles. Recent develop- 
ments in power generation were discussed, 
together with needed improvements in sta- 
tions and machines. This subcommittee is 
sponsoring a symposium on “Needed Im- 
provements in Power Stations” for the 1952 
Winter General Meeting. 


Speed Governing. This subcommittee 
is now obtaining experience data on the 
governing and control of modern reheat 
steam units. These data will later form the 
subject of areport. Progress has been made 
by this subcommittee jointly with the Ex- 
citation Subcommittee in the compilation of 
terms and definitions. 


Excitation Systems. This subcommittee 
organized a session for the Summer General 
Meeting, at which papers were presented 
discussing excitation experience and recent 
developments. 


Application of Probability Methods. A 
session on hydroelectric plant reserve prac- 
tices was sponsored by this subcommittee 
during the Winter General Meeting. Pa- 
pers sponsored by this subcommittee made 
contributions to the problem of evaluating 
reserve savings from interconnections. The 
subcommittee is now exploring the possi- 
bility and desirability of further investigating 
the effect of station layouts on reserve 
capacity. 


Hydroelectric Systems. A session on 
underground electric plants was sponsored by 
this subcommittee at the Summer General 
Meeting, in which the possibilities of under- 
ground generation were explored. 


Other Activities of the Committee on 
Power Generation are: The committee has 
agreed to participate in the American Society 
of Civil Engineers Celebration of Centen- 
nial of Engineering in Chicago, September 
1952, by sponsoring two or three papers. 
The committee is studying factors affecting 
economics of generation, and is planning a 
session on Power Generation Economics for 
the 1952 Winter General Meeting. 


COMMITTEE ON PROTECTIVE DEVICES 


The Committee on Protective Devices has 
sponsored two technical sessions, one at the 
Winter General Meeting, and one for the 
forthcoming Summer General Meeting. 
The committee held a meeting during the 
Winter General Meeting. The activities of 
the committee are primarily carried on by 
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three subcommittees. The reports from 
these subcommittees are as follows: 


Fault Limiting Devices. Application 
guides covering the grounding of synchronous 
generating systems, the method of grounding 
transmission systems, and the application of 
ground-fault neutralizers were presented at 
the Summer and Pacific General Meeting. 
These guides have been presented as Ad- 
vance-Copy-Only papers and issued orf’ a 
trial basis. The committee has now received 
comments from the membership, and has 
started to revise the guides to place them in 
final form. 

The Power System Fault Limitation Work- 
ing Group completed its report, which was 
presented at the Winter General Meeting. 
A survey is being conducted jointly with the 
Committee on Industrial Power Systems to 
determine present grounding practices on 
industrial systems. This survey will deter- 
mine if there is any accepted practice or 
agreement in the connection of the power 
system neutral, that is, whether the neutral 
should be grounded through a resistor, a re- 
actor, potential transformer, ground-fault 
neutralizer, or a combination distribution 
transformer and resistor. 

The subcommittee has the following proj- 
ects under consideration: (a) A project to 
set forth the factors relative to the necessity 
for shunting resistors or lightning arresters 
across reactors used for feeders or generator 
neutrals, (b) A project to outline the factors 
which determine the size and rating of 
grounding transformers, and (c) A project 
on grounding of voltage regulators on power 
systems. 

A survey is being made jointly with the 
Committee on Substation Grounding to 
determine the present-day practices on sub- 
station grounding. 


Lightning Protective Devices. The 
Lightning Protective Devices Subcommittee 
has continued its efforts to unify and co- 
ordinate information relating to performance 
characteristics, testing, and application of 
lightning protective devices. A major step 
in this program was the publication of the re- 
port on the Combined Standard for Valve 
and Expulsion Arresters, AIEE 28A. This 
report has been out for one year, and the 
working group which developed it has been 
reactivated to study its effectiveness in the 
field and to consider recommendations for 
amendment or modification. The specifica- 
tion of recovery voltage conditions under 
which power tests of lightning arresters shall 
be made also will be undertaken at this time, 
since the necessary information has become 
available recently. 

The performance characteristics of all 
types of lightning arresters are being re- 
viewed to determine the advisability of issu- 
ing a revised report to include new makes of 
lightning arresters which have entered the 
field since the last report and the new re- 
duced tolerances which have been estab- 
lished for certain types of lightning arresters. 

One of the major projects remaining on the 
agenda of this subcommittee is that of the 
Application Guide for the Protection of Sub- 
stations. This difficult work is nearing com- 
pletion, and a preliminary report has been 
scheduled for the Summer General Meeting. 
Lack of agreement on some points and lack of 
necessary data have delayed this project con- 
siderably. However, recent AIEE papers 
have made available much of the awaited in- 
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formation, particularly that relating to dis- 
tance effects between the protective device 
and the object to be protected. A survey is 
now under way to determine the extent and 
effectiveness of the practice of direct stroke 
shielding of substation and associated lines. 
This information is needed in order to com- 
plete the recommendations to be included in 
the application guide. 

The) agenda of the subcommittee includes 
the following suggestions which have been 
submitted for its consideration: co-ordina- 
tion of methods for determining radio influ- 
ence; rod-gap characteristics in the short- 
time region; protection of aerial cable; and 
dry-type transformers. 


Co-ordination of Insulation. This sub- 
committee was formed primarily to keep the 
members of the main committee informed as 
to the progress that is being made by the 
Triple Joint Committee (consisting of EEI, 
AIEE, and NEMA delegations) on the co- 
ordination of insulation. For this reason it 
has not required the establishment of working 


groups. 


COMMITTEE ON RELAYS 


The committee held three meetings and 
sponsored three technical sessions. The 
technical activities of this committee were 
carried on through a number of project com- 
mittees which were appointed to fulfill spe- 
cific assignments. Following are the reports 
of the various project committees: 


Generator Protection. This committee 
has completed its investigation of the various 
methods of a-c generator protection used in 
this country and Canada. On the basis of a 
survey made last year, a report was prepared 
recommending practices preferred for appli- 
cation to new installations, which was pre- 
sented at the Winter General Meeting. The 
committee report and the discussions of it 
have been released for publication in the 
Transactions. 


Bibliography of Relay Literature. This 
project committee presented a ‘‘Bibliography 
of Relay Literature, 1947-49” at the Winter 
General Meeting. The committee will con- 
tinue to maintain an up-to-date bibliography 
in future years. 


Co-ordination of Construction and Pro- 
tection of Distribution Circuits. This proj- 
ect committee is a joint working group of the 
Committee on Relays, the Distribution Sub- 
committee, and the Edison Electric Institute 
Transmission and Distribution Committee. 

This working group is now in the process of 
writing a first draft of a report on the Per- 
formance of Distribution Circuits from which 
operating data were obtained for the year 
1949. The report will contain information 
relative to the number of faults occurring on 
these circuits and a breakdown of the causes 
of these faults into the number initiated by 
lightning, glaze, wind, trees, and other 
causes. It also will contain information 
covering the performance of different types of 
protective devices in preventing faults of a 
temporary nature from becoming permanent. 
The first draft of the report is not yet com- 
plete, but it is expected to be finished and 
available for the Fall General Meeting. 


Standards for Power Relays. In 1949 
this committee completed a revision of ASA 
Standard C-37, American Standard for 
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relays associated with electric power appa- 
ratus. During the past year considerable 
information was gathered on performance 
specifications which will ultimately be added 
to the present Standard ASA C37.7. In 
analyzing the material, it became apparent 
that this phase of the work fell outside the 
scope of the Committee on Relays, and 
steps were taken to have a committee in the 
National Electrical Manufacturers Associa~ 
tion take on this phase of the Standard. 
Such arrangements were made, and a com- 
mittee is now actively engaged in preparing 
performance standards for relays. 
Transmission-Line Protection. The proj- 


ect committee on transmission-line relaying 
has as its objective the preparation of a 


report describing current practice and 
trends of thinking in  transmission-line 
protection. In order to develop material, 


two conference sessions and one technical 
session have been sponsored, and a question- 
naire on backup practice has been dis- 
tributed and replies analyzed. There is 
still lacking an adequate paper on ground 
relaying, and a further single question on 
backup relaying is to be circulated to 
members of the main committee. Ar- 
rangements are being made for a paper on 
ground relaying and one on backup relaying. 
When these are available, it will be possible 
to prepare a final report of the project 
comunittee. 


Electronic Relay Applications. This proj- 
ect committee was relatively inactive 
during the past year, its principal function 
being to follow developments in electronic 
protective relays. Developments in this 
area consisted mainly of the use of micro- 
waves in transmission-line relaying and in 
transferred tripping. New developments in 
transferred tripping via carrier current are 
being reported by another project committee. 


Relaying of Interconnections Between 
Industrial and Utility Generating Systems. 
This project committee, in co-operation with 
the committee on Industrial Power Systems, 
sponsored a conference session at the 1951 
Winter General Meeting. The project 
committee presented a conference paper at 
this session which was based on a question- 
naire on the practice of utility-industrial 
relaying that had been answered by 32 
companies. There has been some discussion 
of the presentation of additional papers on 
practices of the relaying of interconnecting 
transmission lines between industrial and 
utility systems. 


Pilot Wires. A questionnaire has been 
prepared by this committee for circulation 
to the industry to obtain information relative 
to operating experience with pilot wire 
circuits, leased and privately owned, used 
for protective relays. The questionnaire 
covers the years 1942-1950 inclusive. It is 
proposed to prepare a report summarizing 
the information obtained from the answers 
to this questionnaire. 


Remote Tripping Schemes. The objec- 
tive of this committee is to collect informa- 
tion on remote tripping schemes and the 
operating experience that has been obtained. 
A questionnaire has been prepared, and has 
been sent to various operating companies, 
requesting data on the design of equipment 
that has been installed and on operating 
experience. The results obtained from this 


Report of the Board of Directors 


questionnaire will be presented to the 
Institute in the near future. 


Test Methods. This committee has 
been collecting data from available sources 
on portable field testing equipment suitable 
for testing the majority of the more com- 
plicated types of relays. The data are 
being reviewed by the project committee, 
and it is expected that eventually informa- 
tion on this equipment will be presented 
to the Committee on Relays. 

Consideration is being given to the sponsor- 
ship by this committee of a conference 
session at one of the 1951-52 general meet- 
ings. This will make possible an exchange 
of ideas on test methods and test equipment. 


Effect of Vibration and Shock on Relays. 
This committee was formed to study the 
effects of vibration and shock on relays used 
in electric power systems in industrial 
applications. Some progress has been made 
in the study of existing installations by 
making actual measurements of available 
equipment. A questionnaire has been cir- 
culated covering the troubles that have 
been experienced with relays in existing 
installations, From the information which 
is being obtained from various sources, the 
committee proposes to prepare an Institute 
paper offering a suggested guide which 
should be useful to the industry in designing 
and applying protective relays to avoid 
difficulty from shock and vibration. 


Joint and Associated Projects. The 
committee participates in the activities of 
the Instrument Transformer Subcommittee 
of the Committee on Transformers, with 
special attention to the relaying performance 
of current transformers and the transient 
performance of capacitance potential de- 
vices. The latter committee has been very 
active this past year in examining the 
problems associated with the use of capaci- 
tance potential devices for relaying purposes. 
The Committee on Relays has maintained 
close co-ordination with the activities of the 
Committee on Carrier Current on items of 
joint interest. 


COMMITTEE ON ROTATING MACHINERY 


The committee held a meeting during the 
Winter General Meeting. Committee ac- 
tivity is largely carried on by correspondence 
and through its subcommittees. The out- 
standing feature of this year’s activity was 
the group of sessions on insulation at the 
Winter General Meeting. This old subject 
needed only an outlet to bring out a torrent 
of 15 papers on insulation. It is expected 
that, with present rapid developments, 
insulation will be an active subject for 
several years. 

One new subcommittee is being formed 
to cover magnetic fluid couplings and 
clutches, the magnetic particle clutch, 
electric coupling, eddy current coupling, 
eddy current brakes, eddy current dyna- 
mometer, and electrically operated friction 
brakes where the magnetic circuit is part of 
the brake itself, but to exclude electrically 
operated friction brakes and clutches where 
the electrical part is simply a magnet of 
solenoid providing a pull to operate a 
completely mechanical device. 


Synchronous Machinery Subcommittee. 
Seven papers were processed and presented. 
Revisions have been recommended in the 
test code, and under consideration is a new 
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method for testing subtransient reactances. 
The first draft of the synchronous section of 
the revised ASA C-50 has been received for 
review. Under consideration is the upward 
extension of standard voltage ratings for 
synchronous generators above 90,000 kva. 
Papers may be solicited on this question. 


Insulation Subcommittee. An unusually 
successful group of sessions was held at the 
Winter General Meeting. Future projects 
include a-c and d-c overvoltage testing 
values for machines in service, overvoltage 
testing of turn to turn insulation, and a re- 
view of classifications of insulation in AIEE 
Standard 7. 


Induction Machinery Subcommittee. 
Test Code Number 500 is now almost 
completely rewritten. Copies of the revised 
draft will soon be available for general com- 
mittee review. A symposium has been 
suggested on the application of motors with 
particular emphasis on papers of value to 
the users of motors. 


D-C Machinery Subcommittee. Active 
work is being done on transients and short- 
circuit currents in d-c machines. Similar 
work on flashover is being considered. 
Transients and protection of d-c systems on 
aircraft are also on the agenda. 


Single-Phase and Fractional Horse- 
power Subcommittee. A special technical 
conference will be held in Dayton, October 
11 and 12, 1951. Application of small 
motors to refrigeration and pumps is the 
main topic for this session, which is jointly 
sponsored with the Domestic Appliances 
Subcommittee. The test code is being 
actively revised, still requiring correlation 
with the master test codes. 


Test Code Co-ordinating Subcommittee. 
This committee is working actively with the 
ASA C-50 committee toward revision of 
test codes so as to be directly usable in the 
test code section of ASA. Requests have 
been made for master test codes for radio 
noise measurement and for speed measure- 
ment. 


COMMITTEE ON SUBSTATIONS 


The status of the projects on which work 
is in progress in the subcommittees and 
working groups of this committee is described 
here. 


Automatic and Supervisory Control 
Subcommittee. This subcommittee con- 
cluded work on rectifier reclosing control 
problems, grounding practices on d-c 
switching structures, and protection of 
conversion units feeding high capacity d-c 
busses. 


Distribution and Conversion Substations 
Subcommittee. The project on “Bus Regu- 
lation versus Feeder Regulation” finally 
culminated in a set of papers at the Winter 
General Meeting. This project is now 
closed. Work is still continuing on the 
project covering “‘Breakers versus Reclosing 
Fuses” and “Basic Structural Design of 
Outdoor Stations.” Projects on “Lighting 
of Substations” and ‘Standardization of 
Factory Designed and Constructed Sub- 
stations” are being pursued to some extent. 


Transmission Substation Subcommittee. 
A report on a project covering ‘Basic 
Structural Design of Substations” is expected 
to be ready soon. Little progress has been 
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made on the “Safety Considerations in Sub- 
stations” project. 


Device Function Numbers Working 
Group. No activity was necessary during 
the year. 


Substation Grounding Practice Working 
Group. A questionnaire was circulated and 
replies are now being studied. A report 
is forthcoming. 


Rectifier Switchgear Working Group is 
studying grounding practices and recom- 
mendations for d-c switchgear in outdoor 
substations. 


Committee Meetings. In addition to 
meetings of the subcommittees and working 
groups, meetings of the main committee 
were held in Pasadena in June 1950, and in 
New York in January 1951. A technical 
session under the sponsorship of the com- 
mittee was held at the Winter General 
Meeting. 


COMMITTEE ON SWITCHGEAR 


The activities of the committee have 
largely comprised work on revision of present 
AIEE Standards 20, 25, 27, and 50. 

Proposed Standard 20A on Low Voltage 
Air Circuit Breakers was published in 
December 1946, and is still on a trial basis. 
A complete revision of this standard was 
approved by the committee on October 17, 
1950, and submitted to the Standards 
Committee on November 21, 1950. No 
action has as yet been taken by the Standards 
Committee, but it would seem very desirable 
to get this standard issued as speedily as 
feasible, since the present Standard 20 was 
issued in 1930, 

Work is in progress on a revision of 
Standard 25, ‘‘Fuses above 600 Volts.” The 
subcommittee working on this expects to 
have the work completed shortly. 

A complete revision of Standard 27 on 
Switchgear Assemblies was also approved 
by the committee at the October 17th 
meeting, and submitted to the Standards 
Committee on November 24, 1950. Action 
on this standard is very much desired since 
a considerable amount of new material is 
contained in the revision which did not 
appear in the present standard issued in 
August 1942. The addition to Standard 27 
of Standards to cover isolated phase busses 
is now under consideration. 

Proposed Standard 50 for Automatic 
Circuit Reclosures issued in September 
1949 for trial use is being worked on for 
submission as an approved standard. This 
work is progressing nicely, and it is hoped 
that it will be ready in the near future. 

It is expected that revisions to Proposed 
Standards 22A on Air Switches, Insulator 
Units, and Bus Supports, issued for trial 
use in October 1949, will be ready for 
action during the coming year. A working 
group is being organized for the purpose of 
preparing a standard for ice testing of dis- 
connecting switches. 

The Circuit Breaker Subcommittee has 
also completed the work of making revisions 
in ASA Standard C-37 on Power Circuit 
Breakers. This has involved co-operation 
with other interested committees and 
standardizing bodies. These proposed 
changes will be presented shortly for ap- 
proval. A Test Code for Power Circuit 
Breakers and one for Low Voltage Air 
Circuit Breakers are being prepared. 
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Two committee meetings were held. 
The committee sponsored one session at the 
Fall General Meeting and one at the Winter 
General Meeting. One joint session was 
also held with the Committee on Transmis- 
sion and Distribution on the subject of 
capacitor switching at the Winter General 
Meeting. 

During this year a new subcommittee 
was formed to consider the design and 
application of network protectors. The need 
of some standardization for generator 
voltage regulators is also being given some 
consideration by the Switchgear Assemblies 
Subcommittee. 


COMMITTEE ON SYSTEM ENGINEERING 


This committee is about to finish its 
fourth year of existence, and is continuing 
its original subcommittee organization, which 
is: (1) Administrative; (2) System Planning; 
(3) System Operation; (4) System Eco- 
nomics; (5) System Controls; and (6) 
Interconnection Contracts. 

The committee’s technical program for 
the year ending April 30, 1951, began with 
a session on system planning at the Summer 
and Pacific General Meeting. During the 
year it conducted a number of technical 
and conference sessions on the subjects 
“The Effect of Low Voltage and Low 
Frequency on Power Plant Auxiliaries” and 
‘Determination of Reserve Capacity by the 
Probability Theory”; and a symposium 
on ‘‘Determination of What Units in What 
Plants should be Used for Loan and Fre- 
quency Control.” 

Three committee meetings were held, 
an all-day meeting in Chicago on May 4, 
1950, with separate subcommittee meetings 
as part of the agenda, and meetings at the 
Fall and Winter General Meetings. 

In conformity with the committee’s 
general plan of having a subcommittee 
sponsor a technical session for an individual 
general meeting, the System Economics 
Subcommittee is preparing for a session at 
the Fall General Meeting dealing with the 
general subject of ‘‘What the Basic Factors 
Should be for the Comparison of Alternate 
Facilities.” The System Planning Sub- 
committee has undertaken to arrange for 
a program for the Winter General Meeting. 


COMMITTEE ON TRANSFORMERS 


The committee has progressed in the 
various topics under investigation, as indi- 
cated by the following reports: 


Co-ordinated Study of Life of Trans- 
former Insulation Working Group. A 
progress report dealing with the co-operative 
tests on aging of high-temperature insulations 
was presented at the Winter General Meet- 
ing. All of the technical difficulties of 
getting this started have now been com- 
pleted, and the tests are under way. 


Joint Working Group on Instrument 
Transformers. A report on the changes in 
the standards for instrument transformers 
was presented at the Winter General 
Meeting. The report deals with the clari- 
fication and modification of ASA C57.73 
and C57.33. A paper on the study of 
transient characteristics of potential devices 
is now complete and will be presented at the 
Summer General Meeting. 


Magnetization Characteristics of Trans- 
formers Working Group. The work of 
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this group was presented at the Winter 
General Meeting. It deals with magnetiza- 
tion characteristics, relaying problems asso- 
ciated with excitation current of trans- 
formers, and a survey of air switch practice. 


Revision of Dielectric Tests Working 
Group. A report on the activities of this 
working group was presented at the Winter 
General Meeting. The group has  sub- 
mitted\a report to the Committee on Trans- 
formers for approval. 


Guides for the Operation and Main- 
tenance of Dry Type Transformers with 
Class-B Insulation Working Group. A 
complete report of this group’s activity was 
submitted at the Winter General Meeting. 
The group is now awaiting letter-ballot 
approval by the main committee. This 
report covers an entirely new field of in- 
vestigation. 


Co-ordination of Insulation Working 
Group. Work in this group has been 
completed for the 115-kv _basic-impulse- 
insulation-level range and higher. 


Methods of Making Temperature Tests 
Working Group. The work of this group 
consisted of general revision of ASA C57.22 
and was issued as a preliminary report at 
the Winter General Meeting for comments. 
The report has been revised and the final 
report will be submitted to the main com- 
mittee for approval. 


Audible Noise in Transformers Working 
Group has been enlarged to include those 
having field experience now that the method 
of conducting the study has been completed. 
Work is progressing satisfactorily. 


Hot Spot Temperature Rise of Class-B 
Reactors Working Group. The trial period 
for the 110-degree centigrade hot spot, 
set more than a year ago, has now expired 
and this subject will be reviewed again, 
taking into account all the comments 
received. 


Permissible Maximum Oil Temperature 
Rise in Service Working Group has almost 
completed a report which will be issued 
shortly. 


Insulating Fluids Working Group is a 
new group formed this year to study and 
make recommendations on some of the 
problems in which insulating fluids are 
involved. 


COMMITTEE ON TRANSMISSION AND 
DISTRIBUTION 


Considerable progress has been made 
during the past year in the several fields of 
activity within the committee scope, through 
the planning of the main committee, the 
efforts of the subcommittees, and technical 
papers which have been presented at 
practically all the major general meetings of 
the Institute. 

In the lightning and insulator field, the 
Lightning Bibliography covering 1936-1949 
was completed and made available in 
pamphlet form at Institute headquarters. 
Copies of this are still available for those 
who now are, or later expect to be, interested 
in this field. The committee report on 
predetermining the lightning performance 
of transmission lines has been completed 
and published. Experience in insulator 
washing under contaminated atmospheric 
conditions and considerations of insulation 
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co-ordination were presented in papers at 
the Middle Eastern District Meeting. Other 
papers on lightning performance of trans- 
mission lines have been presented, or are 
in prospect at the present time. 

In the power capacitor field, papers were 
presented at the Winter General Meeting 
dealing with features of design and operation 
of large capacitor banks. A bibliography 
on this subject is now in the course of 
preparation. The application of series ca- 
pacitors to high-voltage lines is to be treated 
in a series of papers at the Pacific General 
Meeting. 

In the distribution field, a report on rural- 
line sectionalizing was presented at the 
Winter General Meeting, and a presentation 
on economics of primary design is planned 
for the Summer General Meeting. 

Conductor vibration on high-voltage lines 
has received considerable attention in the 
Towers, Poles, and Conductors Subcom- 
mittee, and a comprehensive symposium was 
held at the Fall General Meeting. Dis- 
cussion, work, and further consideration on 
this subject are still going on. Another 
subject in which there is considerable interest 
at the present time is the possibility of more 
heavily loading transmission-line conductors. 

Of outstanding interest during the past 
year has been the presentation of field test 
results on corona and radio influence as 
determined on an experimental high-voltage 
line operating as high as 525 kv. As a 
result of these field tests, extending over 
some three years, the announcement has 
come of a new high-voltage line designated 
as 300/315 kv, which probably will operate 
as high as 345 kv, phase-to-phase. Sections 
of this line are now under construction. 

Looking to the future, the work in the 
committees of particular interest is: (1) 
The joint study with the Edison Electric 
Institute on line outage experience of high- 
voltage lines over a large part of the country, 
on which a preliminary report will be 
presented at the Summer General Meeting; 
(2) An investigation of rates-of-voltage rise 
on distribution systems which will be of use 
in applying lightning protective devices; 
(3) A study of lightning insulation charac- 
teristics of wood, air, and porcelain in series; 
and (4) Application of series capacitors on 
high-voltage systems. 

The committee is continuing to function, 
as in the past, with the main committee 
acting as the discussion and advisory group, 
where all matters of importance and signifi- 
cance are presented and discussed and then 
delegated to the subcommittees for the con- 
structive action and carrying through to a 
conclusion. In addition to the specific 
work carried on by the committee itself, 
there have been quite a number of technical 
papers offered to the committee on more 
general, but related, subjects. These have 
been reviewed and processed for publication, 
or other disposition as recommended. To 
date, there is no backlog of approved 
technical papers in the committee which 
have not been scheduled for publication. 


Science and Electronics Division 


COMMITTEE ON BASIC SCIENCES 


The Committee sponsored eight papers 
describing advances in the theory of trans- 
mission circuits at the Winter General 
Meeting. The committee also held a 
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meeting at which decisions were taken to 
establish a Subcommittee on Dielectrics 
and a Subcommittee on Defense. 

It has long been thought that the Sub- 
committee on the Electrical Properties of 
Solids and Liquids has too broad a field 
and that the subject of dielectrics could be 
properly isolated from this general field 
and considered apart from metals and semi- 
conductors. Accordingly, the new  sub- 
committee on dielectrics is to have the 
following scope: 


To foster and promote symposia on the basic aspects 
of the electric insulation field, to disseminate information 
on progress being made in the fields of dielectric theory 
and practice for the general purpose of serving the 
design and development engineer who will eventually 
apply this information to practice, to bring to the In- 
stitute some of the results of the activities of the National 
Research Council conference on electric insulation. 


The members of the Committee on Basic 
Sciences, after a talk by Colonel W. M. 
Young on the problems of the armed 
services, decided that a Subcommittee on 
Defense to help the armed services with the 
basic technical problems should be estab- 
lished with the following scope: 


To make available to the armed services such infor- 
mation on the basic sciences that would expedite their 
efforts in the solution of defense problems, and to co- 
operate with the armed services in whatever way they 
desired in order to strengthen the defense of our country. 


It was suggested that three members of 
the armed services—one from the Army, 
one from the Navy, and one from the Air 
Force—be invited to become members of 
this subcommittee and that the subcom- 
mittee recruit as members several civilian 
experts in various fields of basic knowledge. 

The work of the Committee on Basic 
Sciences is unique. It not only promotes 
advances in the fields already familiar to the 
profession but also attempts to acquaint 
engineers with new developments in the 
fields of physics and mathematics which are 
of interest to the profession. Hence, besides 
these newly established subcommittees, the 
Committee on Basic Sciences sponsors and 
co-ordinates the activities of six other sub- 
committees. The reports of the chairmen 
of these subcommittees follow. 


Subcommittee on Magnetics held one 
meeting in 1950, and arranged for a sym- 
posium on ‘Magnetic Materials at High 
Frequencies” which was held during the 
Winter General Meeting, with four invited 
papers, and was well attended. Two of the 
papers are to be published in Electrical 
Engineering. Another project of the sub- 
committee has been to prepare a list of 
people in this country who are actively 
interested in magnetism. The list now 
comprises about 150 names and is a help 
to the subcommittee in its work; it is 
available to members of the Institute. A 
number of Institute papers on magnetism 
have been reviewed. 


Subcommittee on the Electrical Proper- 
ties of Solids and Liquids sponsored a con- 
ference during the Winter General Meeting 
at which four conference papers dealing 
with the properties of semiconductors were 
presented. The purpose of these papers 
was to acquaint the profession with new 
developments in the field of semiconductors. 
Interest in this field was shown not only by 
the attendance but also by the discussion 
of the papers. 
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Subcommittee on Electric Circuit Theory 
presented a symposium at the Winter 
General Meeting on “New Techniques of 
Network Synthesis,” at which four out- 
standing specialists in network theory 
presented invited papers. The talks were 
concerned with the generation of functions 
suitable for network synthesis and the con- 
struction of realizable networks therefrom. 
The session was well attended and the 
interest in the papers was manifested by the 
energetic discussions which took place. At 
a later meeting of the subcommittee, it was 
decided to consider the publication of a 
pamphlet which would contain selected 
papers presented at this symposium and other 
successful network symposia held in the last 
two years. Further, it was decided that, 
in view of the success of the symposium at 
the Winter General Meeting, a similar 
session would be organized for the Fall 
General Meeting. 


Subcommittee on the Electrical Proper- 
ties of Gases held three meetings. The 
primary purpose of the first two meetings 
was to complete plans for a technical con- 
ference on electrical breakdown in gases, 
which was held during the Winter General 
Meeting, with four conference papers 
presented. The conference was well at- 
tended, and interest in this general topic 
was shown through the discussions which 
followed it. The subcommittee also held 
a meeting of its membership for the purpose 
of planning a program for the 1952 Winter 
General Meeting. ‘The tentative subject of 
this conference is fundamental processes in 
gas discharge tubes. The subcommittee 
also reviewed several papers. 


Subcommittee on Applied Mathematics 
has tried to implement the program it 
proposed during the last year whereby a 
group of mathematicians would be made 
available for the solution of problems pre- 
sented by the AIEE membership. In order 
to popularize the program, the chairman 
of the subcommittee published an article 
in Electrical Engineering outlining the proposal 
and inviting Institute members to take 
advantage of the free services offered by the 
mathematicians who were made members 
of the subcommittee. So far, only four 
problems have been submitted, and these 
have been referred to the mathematicians 
for solution. It is sincerely hoped that 
more Institute members will take advantage 
of the opportunity to avail themselves of the 
free services of outstanding mathematicians. 


Subcommittee on Energy Sources held 
a meeting and sponsored one conference, 
its fifth, on energy sources during the Fall 
General Meeting. It is planned to have 
the sixth conference on energy sources during 
the 1952 Winter General Meeting. 


COMMITTEE ON COMPUTING DEVICES 


Work in the field of large-scale computing 
has progressed rapidly during the year, and 
many of the projects and applications which 
were plans only a few years ago have now 
been achieved, or appear close to achieve- 
ment. The large-scale computer field has 
two important aspects: research and de- 
velopment in the production of large-scale 
computers, and the applications of these 
machines. In research and development, 
there have been many improvements, and 
former potentialities, such as high-speed 
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memories having far greater capacities than 
even thought of several years ago, now appear 
to be rather definite possibilities. 

In the field of application, there are over 
and above the applications in the physical 
sciences for computing, control, and so 
forth, important applications both present 
and potential in number theory, mathe- 
matical table making, analysis of large- 
scale data in the field of statistics, business 
applications, and management applications, 
as well as a large group of miscellaneous 
potential uses sometimes of a rather unusual 
character. In number theory, there have 
been computations carried out in certain 
cases which have in a short time doubled 
all the work done in past years. In table 
making, the tables issued by the Harvard 
Computational Laboratory and by others 
have substantially shown that the big 
machine is taking over this complete field 
as far as major projects are concerned, In 
the handling of large amoynts of data, 
probably the most important single test 
will be the use of the large electronic ma- 
chine being built for the Bureau of Census 
and now nearing completion. If this proves 
a success, it should be the forerunner of a 
large number of others for similar applica- 
tions. 

In the field of business, planning usually 
proposes combining many procedures and 
making automatic many manual operations 
by means of large-scale computers, with 
much saving in time and in cost indicated. 
In the field of management, problems of the 
logistics type which often can be linearized 
into a multitude of simultaneous equations 
may be handled on large-scale computers 
to obtain optimum results. One machine 
for this particular purpose is now being 
constructed. In addition to all these, there 
are the simulators and other large special 
purpose machines, both analogue and 
digital, the use of which has increased 
greatly in the last few years. One paper 
presented an application of a small computer 
to an economic problem, and it is known one 
of the Armed Services is actively investigat- 
ing the use of large-scale computers for 
determining effects on the entire economy of 
major changes in industrial requirements. 

The Committee on Computing Devices 
has thought that one of its primary duties 
is to perform an educational function by 
calling the attention of members to the 
computing machine field. ‘To this end, it 
arranged one or more sessions each at the 
Summer, Fall, and Winter General Meetings, 
as well as at three District meetings, and has 
under way plans for sessions at the 1951 
Summer ‘and Pacific General Meetings. 

The subcommittee on preparation of a 
bibliography is preparing a bibliography of 
a basic character which, though it will not 
be long or comprehensive, will be selective 
and of the type which is hoped will enable 
a fast review of progress’ to date with a 
minimum of effort. This bibliography 
should be available as an AIEE publication 
during the coming year. 

The Committee on Computing Devices 
was joint sponsor of the conference on 


electron tubes for computers, held in 
Atlantic City in December 1950. The 
committee has an active subcommittee 


which has taken the initiative in preparing 
plans, jointly with IRE and Association 
for Computing Machinery for another con- 
ference, probably to be held late in 1951. 


Report of the Board of Directors 


“ 
i 
COMMITTEE ON ELECTRONIC POWER 
CONVERTERS 

The committee activities have consisted 
mainly of the preparation of reports sum- 
marizing available information and outlining 
recommended practices, and the presenta- 
tion of papers describing new developments 
and applications of interest. One technical 
session was held at the Summer and Pacific 
General Meeting, and a conference session 
on ‘New Types of Rectifiers” was held at 
the Winter General Meeting. 

Plans for the year were outlined at a 
meeting of the Administrative Subcommittee 
held on October 16, 1950, in New York. 
A meeting of the committee was held during 
the Winter General Meeting. The com- 
mittee also met with the Electron Tube 
Subcommittee of the Committee on Elec- 
tronics at a joint luncheon meeting on the 
same date. 

The following progress has been made on 
the various committee projects: 


Report on Inductive Co-ordination As- 
pects of D-C Systems Supplied by Recti- 
fiers. ‘This report has been completed, 
and it is scheduled for presentation at the 
Summer General Meeting and publication 
in Transactions. It was prepared by a 
working group of the Subcommittee on 
Applications. 


Bibliography on Electronic Power Con- 
verters. ‘The Subcommittee on Papers and 
Speakers has begun the preparation of a 
supplement to the Bibliography for the 
years 1948, 1949, and 1950. 


Standards for Hot-Cathode Power Con- 
verters. The Subcommittee on Hot-Cathode 
Power Converters has prepared a list of 
definitions for hot-cathode power converters. 
It is presently engaged in preparing material 
for sections of standards and test code. 


Report on Rectifier Cooling and Corro- 
sion Problems. A working group has been 
appointed to prepare a report summarizing 
the available information on rectifier cooling 
and corrosion problems and _ outlining 
recommended practice. It is expected to 
complete the report sometime within the 
next year. 


Conference on Power Tubes in 1952, 
The Committee on Electronic Power Con- 
verters and the Electronic Tube Sub- 
committee of the Committee on Electronics 
are planning to sponsor a joint conference 
on power tubes in April or May, 1952, ‘This 
will be ‘a 2-day conference, and is expected 
to draw an attendance of 200 or more. 
Committees are now engaged in selecting 
a location and planning the program. 


West Coast Subcommittee. This sub- 
committee is planning to hold a technical 
session at the Pacific General Meeting. It 
is soliciting papers of particular interest to 
rectifier users. 


Subcommittee on Mechanical Rectifiers. 
In view of the continuing development and 
growing application of mechanical rectifiers, 
it has been decided to form a new Sub- 
committee on Mechanical Rectifiers. 


COMMITTEE ON ELECTRONICS 


The committee has continued to support 
specialized 2- or 3-day conferences in specific 
work areas. Such meetings during the 
period covered by this report have been: 
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A 3-day symposium on improved quality 
electronic components in Washington, D. C., 
in May 1950. 

The third annual joint conference on 
electronic instrumentation in nucleonics 
and medicine, held in New York in the fall 
of 1950. 

The annual conference on electron devices, 
held at the University of Michigan, Ann 
Arbor,{in June 1950. This was sponsored 
jointly by the IRE Committee on Electron 
Tubes and Solid State Devices and by the 
Subcommittee on Electron Tubes of the 
Committee on Electronics. The attendance 
was excellent. This was in a sense an 
experiment on the part of the AIEE group, 
as for many years this conference has been 
an annual affair operating entirely within 
the IRE organization. The 1950 conference 
represented a very satisfactory co-operative 
effort. 

A 2-day conference on electron tubes for 
use in electronic computing devices, held 
in Atlantic City in December 1950. 

National Electronics Conference (NEC). 
This 3-day conference, held annually in the 
fall in Chicago, is a very large middle- 
western forum for the presentation of papers 
of electronic interest, incorporating an 
extensive manufacturer’s display of electronic 
instruments and new products; the Pro- 
ceedings of the NEC, published annually, 
contains in complete form the papers pre- 
sented at the NEC. The Committee on 
Electronics has continued the policy of 
giving substantial support to the NEC. 
During the calendar year 1951, the Chair- 
man of the committee is also serving as 
Chairman of the Board of Directors of the 
NEC. 


Active plans are currently under way for 
the following conferences: 


A conference on electron tubes for power 
conversion in industrial control equipment, 
somewhat similar to the one on electron 
tubes held in Buffalo in the spring of 1949. 

The annual electron devices conference, 
to be held in June 1951 at the University of 
New Hampshire. 

The conference on electronic instrumenta- 
tion in nucleonics and medicine has become 
well established as an annual affair, and 
plans are in process for holding it again in 
December 1951, 


Meetings of the committee were held at 
the Summer and Pacific General Meeting; 
at the National Electronics Conference; and 
at the Winter General Meeting. 

At the fall meeting in Chicago, the 
primary subject of discussion was the ques- 
tion of the appropriate size for the com- 
mittee, in view of the objectives it is pursuing. 
As a result of the discussion, the committee 
concluded that it is not desirable to separate 
the electron tube subcommittee activity, 
because of the very great profit that accrues 
both to the electron tube group and the 
circuit activities represented in the com- 
mittee by their mutual association and 
contact. Also, it became quite apparent 
that the committee represents not only 
activities in very special fields requiring 
specialized talent for their carrying-out but 
also serves as a valuable forum for the 
exchange of opinions and judgments as to 
the proper future program of electronics 
activities within the AIEE. Thus, many of 
the members of the committee are valuable 
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because of the responsibility they feel toward 
giving advice and counsel to the group as a 
whole and in helping to orient its program, 
even though their present participation in 
work activities is modest. 

As to organization, the committee has 
two types of subcommittees: subcommittees 
active in special technical fields, and sub- 
committees having specific functional in- 
terests relative to all technical aspects of the 
committee’s work, 

The following are the subcommittees in 
special technical fields. 


Electron Tubes. This subcommittee has 
working groups engaged in the preparation 
of standards and program planning as 
follows: (1) High Vacuum Tubes, (2) 
Cathode-Ray Tubes, (3) Hot-Cathode Gas 
Tubes, and (4) Mercury-Pool Tubes. It 
was responsible for two technical sessions at 
the Winter General Meeting. One of these 
dealt with radiation detection devices and 
the other with power tubes for electronic 
heating. Both sessions were concerned 
primarily with the design phases. The 
subcommittee has active working groups 
on mercury-pool tube standards, and _ is 
working on standards for radiation detection 
devices. It was the responsible agent of the 
main committee for the 2-day electron 
devices conference in June 1950 and for 
the 2-day conference on electron tubes for 
computers in December 1950. 


X-Ray Tubes, Apparatus, and Applica- 
tions. This subcommittee held three meet- 
ings during the year, under environments 
permitting close association with members 
of the major societies of medical radiologists. 
A 5-paper symposium on X-ray equipment 
and applications was held at the Winter 
General Meeting, jointly sponsored by this 
subcommittee and the Committee on Thera- 
peutics. As to standards, a report on X-ray 
tube graphical symbols has been completed, 
and the work on definition of terms is being 
carried forward; it is hoped that this will be 
completed during 1951. The next study 
will be that of specifications of characteristics 
and ratings of tubes used for X-ray equip- 
ment. 


Electrostatic Processes. ‘This subcom- 
mittee arranged two programs involving 
interesting demonstrations for the Winter 
General Meeting in January, and_ has 
completed arrangements for a_ technical 
session at the Summer General Meeting, 
The standards activity, initiated as an out- 
growth of a conference paper presented in 
January 1950, is continuing, and working 
groups have been established. 


High-Frequency Conductors, Cables, 
and Connectors. This subcommittee has 
been active in maintaining AIEE contact 
with developments within its scope. As a 
result of discussions at recent meetings of the 
subcommittee and of the Committee on 
Electronics, it has seemed desirable to 
expand the scope of this subcommittee some- 
what, and the size of the group is being 
expanded and reinforced to handle its 
change of interest. It is expected that a 
technical session will be organized by the 
group in the near future. 


Liaison with Nucleonics. This is a 
1-man subcommittee, the objective of the 
activity being to maintain an adequate 
correlation with the work of the Committee 
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on Nucleonics, and similar activities in other 
professional societies. 


Electronic Aids to Navigation. This is 
a 1-man subcommittee whose function is to 
maintain adequate correlation with related 
work within the Committee on Communica- 
tion, and with appropriate groups in the 
IRE. 


Electronic Aids to Geophysics. This sub- 
committee, having to do with electronic 
equipment used in geophysical exploration 
primarily for the oil industry, is centered in 
the southwestern part of the United States. 
Its principal activity has had to do with the 
planning phases of a technical session spon- 
sored by the Committee on Electronics at 
the 1950 Fall General Meeting. 


Infrared Applications. This subcom- 
mittee has continued to study the specific 
problems of infrared instrumentation, 
nomenclature, and the broadening of the 
knowledge’ of infrared techniques among 
engineers. A set of definitions has been 
submitted through appropriate channels to 
the American Standards Association (ASA) 
and the American Society for Testing 
Materials (ASTM) committees on definitions 
of technical terms, and is being revised and 
supplemented for possible use as a com- 
mittee report. A study was started to seek 
better testing and evaluation standards for 
photoconductive detectors used in infrared 
equipment. Liaison with the ASTM-ASA 
Committee on Nomenclature and Applied 
Spectroscopy has been continued with par- 
ticular reference to infrared terminology. 


Electronic Methods in Food and Bio- 
logical Processing. ‘This is a 1-man sub- 
committee whose responsibility has been to 
maintain active contact, particularly on the 
West Coast, with possible electronic methods 
for the objectives suggested by the title. 


Magnetic Amplifiers. This subcommittee 
has been extremely active, particularly in 
the sponsorship of technical programs at the 
Summer and Pacific Meeting and the 
Winter General Meeting. The work-load 
of this committee and its importance has 
grown to a point where it has been made a 
technical committee of the Institute. 


Electronic Applications of Semiconduc- 
tor Devices. This subcommittee arranged 
a very successful technical conference as a 
part of the program of the Winter General 
Meeting. It has participated in joint 
standards planning with a similar group in 
the IRE. This subcommittee has also 
had an active part in the joint sponsorship, 
with the IRE, of the conferences on electron 
devices held in June 1950, and planned for 
June 1951. 


Electronic Heating Liaison. This is a 
1-man subcommittee charged with the 
responsibility of maintaining adequate con- 
tact with other groups within the AIEE 
active in the use of electronics for induction 
and dielectric heating. This subject matter 
is the primary responsibility of the Induction 
and Dielectric Heating Subcommittee of the 
Committee on Electric Heating. During the 
past year the AIEE contributions to this 
activity have included preparation of effective 
standards required to place this industry on 
a sound footing. The industry in general 
is using many of these standards, although 
they are still in subcommittee status. The 
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subcommittee’s liaison has been very suc- 
cessful in keeping the main committee in- 
formed in regard to the substantial activities 
in this field by other committees of the 
AIEE, and associated groups within the 
IRE and NEMA. 


Electronic Systems Engineering. One 
of the responsibilities of this subcommittee 
is to maintain an alert attitude toward mak- 
ing available to the AIEE membership 
material on electronic systems engineering 
that has its origin in military needs but 
which, at an appropriate time, can be de- 
classified and presented to the professional 
societies. This subcommittee was respon- 
sible for the arrangement of a technical 
session held at the Fall General Meeting. 


Electronic Circuit Components. This 
subcommittee was organized during the 
past year, its scope involving attention to 


preparation of standards and planning of 


technical programs relative to good engineer- 
ing practice for quality electronic com- 
ponents (passive) including miniaturization. 
One of the reasons for the organization of 
this subcommittee was the great interest in 
passive components apparent at the quality 
electronic components conference in May 
1950. 

The following are the functional sub- 
committees. 


Electronic Standards and Definitions. 
It is the responsibility of this subcommittee 
to maintain adequate orientation and 
stimulation among the other subcommittees 
regarding the general planning of standardi- 
zation in the electronics field. This sub- 
committee has periodically presented to the 
committee as a whole reviews of standards 
problems in various areas of electronics. 


Liaison with IRE. This is a 1-man sub- 
committee, the objective being to maintain 
a close contact in regard to policy matters 
of technical committee work with corre- 
sponding groups in the IRE. 


Liaison with JETEC. The responsi- 
bility of this subcommittee is to maintain 
an active, informative contact with the 
Joint Electron Tube Engineering Council, 
particularly in relation to policy and 
planning objectives of the committee’s work. 


Education in Electronics. The objective 
of this subcommittee is to maintain a con- 
tinuing review and cognizance of change and 
reorientation in matters of education in 
electronics, both in the universities and in 
the adult education field. This subcom- 
mittee periodically arranges conference pro- 
grams at general meetings of the Institute, 
the last having been held during the Winter 
General Meeting. These sessions have 
been marked by very active discussion and a 
generally high level of audience participation 
in the program. The subcommittee also 
provides liaison with the Committee on 
Education. 


Papers Review. The primary responsi- 
bility of this subcommittee is to handle 
matters connected with review of papers of 
the Transactions type. In addition, this 
group has organized conference-type meet- 
ings as part of general meetings of the 
Institute. Two such meetings, devoted to 
“New Electronic Devices,’ were held at the 
Winter General Meeting, and one on. the 
general subject of “Research Administration 
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in Electronics” is planned for the Summer 
General Meeting. 


West Coast Subcommittee. This is a 
relatively informal but very active sub- 
committee, whose leadership during the 
past two years has been provided by the 
West Coast Vice-Chairman of the Com- 
mittee on Electronics. This subcommittee 
accepted the entire responsibility for the 
organization and planning of three technical 
sessions held at the Summer and Pacific 
General Meeting. Particular attention was 
devoted in these sessions to problems in 
equipment for nuclear particle accelerators, 
in collaboration with the Committees on 
Nucleonics and on Electronic Power Con- 
verters, and to new instrumentation tech- 
niques in the electronics field. All of the 
meetings were very well attended, and there 
was active audience participation. 


General. The activities in supporting 
technical and conference sessions at general 
meetings of the Institute during the past 
year total 15 full sessions, with four shared 
by other committees. 


COMMITTEE ON INSTRUMENTS AND 
MEASUREMENTS 


The activities of the committee have been 
quite varied and numerous. The western 
division of the committee was strengthened 
to provide adequately for an active instru- 
ments and measurements program in that 
area. Membership is equally divided among 
educational institutions, government and 
private laboratories, utilities, and manu- 
facturers, and covers all major fields of 
instruments and measurements. 

The committee has two vice-chairmen, 
one for the activities of the East and one for 
the activities of the West. In addition to 
having a general secretary located in the 
East, a secretary for the West was appointed 
to assist the western vice-chairman. The 
increase in the number of instruments and 
measurements Transactions papers and tech- 
nical sessions of that area is a definite 
endorsement of this western expansion 
policy. 

The first committee meeting of the year 
was held October 2, 1950, to formulate the 
plans for the coming year. A luncheon 
meeting was held during the Winter General 
Meeting. A third meeting was held April 
4, 1951, at the National Bureau of Standards, 
to complete plans for forthcoming meetings 
and to discuss subcommittee reports. A 
luncheon and a tour of the Bureau followed 
the meeting. 


Changes 


Subcommittee on the Preparation of a 
Master Test Code for Temperature 
Measurements has been discontinued, since 
the Test Code AIEE 557 was issued August 
15, 1950. 


Subcommittee on Electrical Aids to 
Medicine, which was a Joint Subcommittee 
of the Committees on Instruments and 
Measurements, Electronics, and Therapeu- 
tics will become a main committee August 1, 
1951. It will be called Committee on 
Electrical Techniques in Medicine and 
Biology, and will replace also the Committee 
on Therapeutics. 


Subcommittee on a Master Test Code 
for Speed Measurements has been estab- 
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lished at the request of the Test Code Co- 
ordinating Subcommittee of the Committee 
on Rotating Machinery. 


Subcommittee on Recorders and Con- 
trollers has been created. 


Subcommittee on Navigation Instru- 
ments has been formed. 


Activities of Subcommittees 


Subcommittee on Organization is in- 
vestigating the existing structure of the main 
committee to determine the feasibility of 
reorganizing it in a manner somewhat 
similar to a Division. 


Subcommittee on Revision of Standard 
Number 4, Measurement of Test Voltage 
in Dielectric Tests is preparing a revised 
draft of a proposed new standard. 


Subcommittee on Watt-hour Meters has 
prepared a preliminary draft of a bibliog- 
raphy on watt-hour meters covering about 
225 periodicals and book references. 


Subcommittee on Definitions has been 
active in assisting in the preparation of the 
third draft of Group 30 definitions—instru- 
ments, meters, and meter testing—being 
prepared by Subcommittee Number 6 in 
ASA-C42. 


Subcommittee on Electrical Tests on 
Dielectric Measurements has completed a 
report on a survey which it made to 
determine current practices in field testing 
of dielectrics; this report was presented at 
the Winter General Meeting and will be 
published in the near future. It sponsored 
a technical session on insulating oil testing 
at the Winter General Meeting. 


Subcommittee on Recorders and Con- 
trollers, while still in the organizational 
stage, is planning a program for the Fall 
General Meeting. 


Subcommittee on High-Frequency 
Measurements, acting jointly with the 
IRE Committee on High-Frequency Meas- 
urements, sponsored a very successful con- 
ference on high-frequency measurements in 
Washington, D. C., in January 1951. 


Subcommittee on the Marking of Var- 
meters and Related Instruments completed 
a report on the results of the survey to 
determine the practices in marking var- 
meters. This report. was published in 
Electrical Engineering, and was presented at 
the Winter General Meeting. 


Subcommittee on Co-operation with the 
Instrument Society of America (ISA) 
sponsored two technical sessions at the ISA 
conference in Buffalo, N. Y., one on Sep- 
tember 20 and the other on September 21, 
1950. An AIEE-sponsored luncheon was 
held on September 21. The average at- 
tendance at these three affairs was approxi- 
mately 65. The Niagara Frontier Section 
of the AIEE was of invaluable assistance in 
making the necessary local arrangements. 


Subcommittee on a Master Test Code 
for Power Measurements has made a 
second draft of a proposed Master Test 
Code for Power Measurements. At present 
it is being reviewed by ie subcommittee 
members. 


Subcommittee on Industrial Spectros- 
copy has confined its activities to sponsoring 
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a technical session at the Winter General 
Meeting. 


Subcommittee on a Master Test Code 
for Speed Measurements is preparing a 
preliminary draft of a proposed test code. 


Subcommittee on Navigation Instru- 
ments is still in the organizational stage. 


Activities of Joint Subcommittees 


Joint Subcommittee on Instrument 
Transformers has been actively engaged 
in obtaining Transactions papers for various 
meetings, 


Joint Subcommittee on Telemetering has 
continued active collaboration with the 
National Telemetering Forum (NTF). The 
subcommittee is still engaged in completing 
a glossary of telemetering terms which had 
been started by the Instrument Research 
Division of the National Advisory Com- 
mittee for Aeronautics. The proceedings of 
the technical conference on telemetering, 
which conference was sponsored by this sub- 
committee and the NTF last May in Phila- 
delphia, were edited by this subcommittee 
and issued early this year. A _ technical 
session is being planned for the Summer 
General Meeting. 


Joint Subcommittee on Electronic In- 
struments is completing work on _ the 
specification formats for vacuum-tube volt- 
meters and for cathode-ray instruments. 
Similar specification formats for signal 
sources have been started. The Proceedings 
of the conference on improved quality 
electronic components, which conference was 
jointly sponsored by this subcommittee, the 
IRE, and Radio Manufacturers Association 
last May in Washington, D. C., were edited 
by this subcommittee and issued early this 
year. This subcommittee also sponsored a 
technical session at the Winter General 
Meeting. 


Joint Subcommittee on Nucleonic Instru- 
ments, working in collaboration with the 
Joint Subcommittee on Electrical Aids to 
Medicine and the IRE, sponsored the third 
annual Joint AIEE-IRE conference on 
electronic instrumentation in nucleonics and 
medicine held in New York City last Oc- 
tober. This subcommittee is assisting the 
Civil Defense Administration in the field of 
nuclear instruments, and has published an 
article in Electrical Engineering on the subject 
of “Suitable Instruments for Radiation 
Measurements.” It is preparing a set of 
definitions, standards procedures, and test 
methods for the scintillation detector to 
parallel a similar set of definitions formulated 
by the IRE. It sponsored a_ technical 
session at the Winter General Meeting, and 
is arranging a session for the Summer 
General Meeting. 


Other Activities. The Committee on 
Instruments and Measurements continued 
its activities in other fields through its 
contacts with other committees of the 
AIEE, the American Standards Association, 
and The American Society of Mechanical 
Engineers. 

In addition to the previously mentioned 
eight sessions, the committee sponsored one 
session at the Middle Eastern District 
Meeting; part of one session at the Southern 
District Meeting; two sessions at the 
Winter General Meeting; one at the Great 
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Lakes District Meeting; and has planned two 
sessions for the 1951 Summer General 
Meeting. This makes a total of 15 technical 
sessions on instruments and measurements 
for the 1950-51 season. 


COMMITTEE ON MAGNETIC AMPLIFIERS 


Magnetic amplifier work in the AIEE was 
organized as a subcommittee of the Com- 
mittee on Electronics in the fall of 1948. 
In 2!/, years it has grown to an Institute 
technical committee, operating with nine 
subcommittees, and has produced a progress 
report covering the initial work on defini- 
tions, standards, and application informa- 
tion. Through the committee discussions 
and the progress report on definitions and 
standards, much of the loose talk regarding 
magnetic-amplifier performance has been 
eliminated, and a majority of the papers 
and articles are now appearing with in- 
formation presented in a mutually under- 
standable form. This marks the end of one 
phase of the committee work. The activity 
is quite firmly established in the AIEE, and 
is providing the desired interchange of ideas 
and progress in standardization, 

The principal subcommittees now having 
active assignments are those on Definition 
Ratings, Applications, Test Code, Ma- 
terials, and Non-Linear Circuit Theory 
arising particularly in magnetic amplifiers. 
The committee is also sponsoring some 
bibliography work. 


Definitions Subcommittee, having estab- 
lished the basic definitions, must now settle 
down to the task of providing mutually agree- 
able terms for many of the commonly used 
circuit arrangements and principles of 
operation, and has also been requested to 
start work on standardization of symbols, 
both graphical and literal. 


Materials Subcommittee is expected, 
through conference sessions jointly sponsored 
with other groups, to bring out the vital 
importance of materials in magnetic ampli- 
fiers and to give a clear picture of the limita- 
tions and possibilities of the materials, and 
of their true relationship to obtainable 
magnetic amplifier performance from a 
fundamental viewpoint. 


Ratings Subcommittee has a real job in 
working out necessary rating quantities and 
methods of expressing performance of this 
essentially nonlinear device. A good start 
has been made, and a rating can now be 
given to a magnetic amplifier based on the 
proposals in the progress report. These 
recommendations are being used by the 
principal suppliers. The next job for this 
group is concerned with rating and expres- 
sion of the performance of the saturable 
reactor, which surprisingly appears to present 
more of a problem than the complete mag- 
netic amplifier. 


Test Code Subcommittee has started 
its work of finding agreed-upon methods of 
implementing the standards and definitions 
by generally feasible forms of test. 


Application Subcommittee has been 
formalized recently, although a number of 
conference and technical papers have dealt 
with various applications. This subcom- 
mittee will continue to work largely in this 
way, although it may provide a beneficial 
service by a report showing the scope of 
application and the limit of performance 
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that has been achieved in various lines such 
as frequency, sensitivity, freedom from 
temperature variations, linearity, speed, 
and the like. Also the number and variety 
of circuits and uses continue to increase at 
a tremendous rate, and a group keeping 
track of this activity will be of considerable 
benefit to the industry. 


Subcommittee on Non-Linear Circuit 
Theory arose spontaneously within the 
committee because of a keen interest on the 
part of some of the members in working 
mutually on the advanced circuit analysis 
techniques involved in nonlinear circuits, 
particularly those of interest in this field. 

In the military field, magnetic amplifiers 
are already an accepted necessity. A large 
number of naval specifications are now com- 
ing out requiring magnetic amplifiers without 
electronic tube substitutions permitted. In 
atomic power work, where reliability is 
paramount, there is a general swing to 
magnetic amplifiers for many kinds of 
applications including d-c power supplies 
and the various control system components. 
Many applications are being sought in air- 
craft, and one autopilot operation will use 
over a million dollars worth of magnetic 
amplifiers per year. Other applications in 
aircraft are heater controls, wing flap con- 
trols, and so forth. 

The reason for applications vary con- 
siderably, and the magnetic amplifier is not 
dependent upon any one characteristic for 
its acceptance or choice in comparison with 
other methods. It actually can be built 
with lower losses, less heat dissipation, and to 
occupy smaller space than comparable 
electronic devices such as the power stage 
for handling small servo motors, and so forth. 
Thus, space and heat economy are the ruling 
characteristics in some applications. In 
others, the comparative shock-proofness is 
a requisite quality. In other applications, 
the reliability and long life predominate as 
the characteristics principally determining 
the choice of the magnetic amplifier over 
electronic or rotating devices. 

The industrial control application of 
magnetic amplifiers brings in the cost factor 
more predominantly than any other field, 
particularly for the less important control. 
However, for the more important controls 
handling important processes or expensive 
machinery, there is no question about the 
justification for the magnetic amplifier. 
The principal deterrent is simply the time 
required to change over designs from current 
styles to those incorporating the magnetic 
amplifier. Already it has found its way into 
an imposing list of industrial applications 
including steel mill controls, reel drives 
of various kinds, motor controls, voltage and 
frequency regulators, speed regulators, volts 
per cycle regulators, elevator controls, air- 
craft controls, paper mill applications, and a 
host of others. 

Its use as the equivalent of a d-c current 
transformer for heavy current d-c busses 
likewise has been accepted and is spreading. 

There are many unsolved problems in the 
magnetic amplifier. It is a nonlinear 
circuit with many facets as yet uncovered. 
A recent bibliography of literature and 
patents covers 52 pages of references to 
technical work bearing on the magnetic 
amplifier and the associated iron and 
nonlinear circuit characteristics. Yet today 
new characteristics and possible performance 
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features are being discovered at a still in- 
creasing rate. When it is realized that 
only the simplest of the nonlinear circuits 
have been explored at all, and these not 
thoroughly, it is evident that the magnetic 
amplifier is only a small start on the applica- 
tion of nonlinear circuit devices involving 
saturation. 


COMMITTEE ON METALLIC RECTIFIERS 


A committee meeting was held during 
the Winter General Meeting, and the 
committee sponsored a session, which in- 
cluded several papers, at the Summer 
General Meeting. 


Definitions and Test Code Subcom- 
mittees reported that standard definitions 
and test code were reviewed and additions 
were made to agree with requests for new 
definitions. A new edition was authorized 
by the committee. 


Miniature Rectifiers Subcommittee. A 
preliminary report on methods of rating 
metallic rectifiers using capacitor loads was 
reviewed. The subcommittee is making a 
further study of the matter. 


Patents Subcommittee. After reviewing 
the patent list, the committee decided that 
a new edition should be written. 


Bibliography Subcommittee. The prepa- 
ration of a new edition of the bibliography 
was authorized by the committee. 


COMMITTEE ON NUCLEONICS 


The committee has almost completed one 
of the tasks which it set at the time of its 
organization. It has reached a state where 
there seems to be little need for additional 
papers to bring to electrical engineers the 
basic concepts of nucleonics. The chief 
subjects of current interest are: nucleonic 
instruments, particularly those needed for 
routine measurement of radiation; isotopic 
tracers, particularly when used in industrial 
processes; and nuclear machines of various 
types, including particle accelerators. To 
deal with these, the subcommittee organiza- 
tion developed last year has been continued. 

The committee was again one of the 
sponsors for the joint AIEE-IRE special 
technical conference on electronic instru- 
mentation in nucleonics and medicine, which 
was held in New York, October 23-25, 1950. 

The committee assisted in obtaining two 
papers for the Great Lakes District Meeting, 
but has devoted its major effort toward 
two technical sessions at the Summer General 
Meeting. A particular effort is being made 
in this direction because of the oppor- 
tunity it affords for bringing into the pro- 
gram Canadians working in nucleonic fields. 

One annoying, although probably neces- 
sary, obstacle to be overcome in obtaining 
conference or technical papers is that re- 
sulting from the necessity of securing 
“clearance” from the appropriate govern- 
ment agencies. ‘The time that this involves, 
when added to that necessary to comply with 
Institute procedures, is so great as to be 
serious. ‘This is particularly true when there 
has been a change in subcommittee chair- 
manship, for the new incumbent requires 
at least two months to develop the broad 
outlines of the program for the year. 


COMMITTEE ON THERAPEUTICS 


The Committee on Therapeutics jointly 
sponsored a technical conference with the 
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Electronics Subcommittee on X-Ray Tubes, 
Apparatus, and Applications at the Winter 
General Meeting. This was a conference 
relating to X-ray and electromedical appli- 
cations of electrical engineering. Five papers 
were presented to about 50 attendants. 

The Committee on Therapeutics and the 
Subcommittee on Electrical Aids to Medicine 
have jointly recommended combination of 
their activities into a single Committee on 
Electrical Techniques in Medicine and 
Biology. A recommended scope was pre- 
pared at the joint meeting of the two com- 
mittees. The merger of the two com- 
mittees, its name, and scope have been ap- 
proved by the Board of Directors. It is 
believed that the union of these two existing 
committees into one will eliminate certain 
overlapping within their scopes and create 
a stronger committee, which will strengthen 
the Institute’s position in the electromedical 
manufacturing industry, the application of 
some equipment, and co-operation between 
the Institute and the medical profession. 


AWARDS 


EDISON MEDAL 


The Edison Medal for 1950 was awarded 
to Otto B. Blackwell (retired), American 
Telephone and Telegraph Company, “for 
his pioneer contributions to the art of 
telephone transmission,” and was presented 
to him on January 24, 1951, during the 
Winter General Meeting. 

The medal may be awarded annually for 
meritorious achievement in electrical science, 
electrical engineering, or the electrical arts. 
Awards are made by a committee of 24 
members of the Institute. 


LAMME MEDAL 


The Lamme Medal for 1950 was awarded 
to Donald I. Bohn, Chief Electrical Engineer, 
Aluminum Company of America, “for his 
pioneering development and application of 
electrical equipment for controlling rectify- 
ing systems in the production of aluminum.” 
The medal will be presented to him on June 
25, 1951, during the Summer General 
Meeting. 

The medal may be awarded annually by 
a committee of nine members to a member 
of the AIEE for “meritorious achievement in 
the development of electrical apparatus or 
machinery.” 


JOHN FRITZ MEDAL 


The John Fritz Medal may be awarded 
annually for notable scientific or industrial 
achievements by a board of award composed 
of representatives of the American Society 
of Civil Engineers (ASCE), The American 
Society of Mechanical Engineers (ASME), 
American Institute of Mining and Metal- 
lurgical Engineers (AIME), and AIEE. 
The 1951 medal was awarded to Dr. Vanne- 
var Bush, President of the Carnegie Institu- 
tion of Washington, “for outstanding con- 
tributions to his country and to his fellow 
men,” 

The medal was presented, in absentia, 
January 23, 1951, during the Winter General 
Meeting. 


HOOVER MEDAL 


The Hoover Medal for 1950 was awarded 
to Dr. Karl T. Compton, Chairman of the 
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Corporation of the Massachusetts Institute 
of Technology, with the following citation: 
“Great leader in engineering education, who 
had a profound influence on the develop- 
ment of science and engineering, and has 
devoted himself wholeheartedly to the 
welfare of the Nation, both in times of peace 
and in times of war.” The medal was 
presented to him on January 22, 1951, 
during the Winter General Meeting. 

The Hoover Medal is awarded by’ a 
board representing the ASCE, AIME, 
ASME, and AIEE “for outstanding civic 
or humanitarian activities constituting dis- 
tinguished public service.” 


MARSTON MEDAL BOARD OF AWARD 


This medal is presented annually at the 
commencement exercises of Iowa State 
College to a graduate of that institution who 
has achieved success in his field of engineer- 
ing activity. 

The award for the year 1950 was made to 
C. E, Prudden, a graduate in mechanical 
engineering, who served Allis-Chalmers 
Manufacturing Company as Chief Engineer 
of its Tractor Division, and is now President 
of the Society of Automotive Engineers. 


CHARLES LeGEYT FORTESCUE 
FELLOWSHIP COMMITTEE 

The availability of this award was brought 
to the attention of all departments of 
electrical engineering in the country that 
offer accredited programs. Financial state- 
ments were reviewed by the committee 
members, and it was decided to grant one 
$1,500 fellowship for the year 1951-52. 
A total of 11 applications for the award was 
received. All applicants appeared to be 
well qualified. 

The recipient of the award for the coming 
year is Mr. Clarence J. Baldwin of the 
University of Texas. In addition to his 
outstanding scholastic attainments, Mr. 
Baldwin has demonstrated exceptional 
leadership in university student affairs. He 
will continue his studies at the University 
of Texas. 


ALFRED NOBLE PRIZE 


The Alfred Noble Prize for the year ending 
June 1, 1950, was awarded to Ralph J. 
Kochenburger, Associate AIEE, for his 
paper, ““A Frequency Response Method for 
Analyzing and Synthesizing Contactor Servo- 
mechanisms.” The ceremony was held at 
the Winter General Meeting in New York 
on January 2, 1951. The prize is a cash 
award of $350, accompanied by a certificate 
signed by the President and Secretary of the 
American Society of Civil Engineers (which 
Society has been designated as Trustee of 
the Fund), and bears the names of the 
respective societies participating in the 
award, 

The prize was established in 1929 and is 
awarded to a member of any grade of the 
ASCE, AIME, ASME, AIEE, or! the 
Western Society of Engineers for a technical 
paper of exceptional merit presented before 
one of the societies and published in their 
technical publications, provided the author 
has not passed his 31st birthday at the time 
the paper is submitted. 

The recipient of the prize is selected by a 
committee of five consisting of one repre- 
sentative of each society. The report of the 
committee is made to the Board of Direction 
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of the ASCE on or before November 1. 
The presentation is made publicly at a 
general meeting of the society, of which the 


recipient is a member, by a representative 
of the ASCE. 


JOINT ACTIVITIES 


UNITED ENGINEERING TRUSTEES, INC. 


For the four Founder Societies, the United 
Engineering ‘Trustees, Inc., administers 
the funds and property in the Engineering 
Societies Building, the Engineering Societies 
Library, and the Engineering Foundation. 
It also serves as Treasurer of the Engineers’ 
Council for Professional Development. 

Efforts have been in progress for several 
years to find ways and means to secure an 
adequate building for an engineering center 
which would carry out Andrew Carnegie’s 
ideals. 


ENGINEERING FOUNDATION 


The Engineering Foundation is a depart- 
ment of the United Engineering Trustees, 
Inc., and its general objective is “the 
furtherance of research in science and 
engineering.” 

With the income from its endowment 
funds, it supports a broad range of research 
projects, now numbering about 14. Some 
of its most effective contributions are those 
supporting studies and analyses necessary 
in the early stages of organizing projects 
on such bases that financial support from 
other sources becomes available. During 
the year 1949-50, the share of the Founda- 
tion in the cost of researches sponsored by 
it was a little less than three per cent. 


ENGINEERING SOCIETIES LIBRARY 


The library is a department of the United 
Engineering Trustees, Inc., and was formed 
by combining the separate libraries of the 
ASCE, AIME, ASME, and AIEE, and is 
conducted as a free public reference library. 

In addition to affording the use of a large 
collection of engineering books and period- 
icals, the library renders special services 
such as bibliographies, translations, photo- 
stats, searches, and book loans by mail. 

A revised Library Agreement has been 
approved by the Library Board, the United 
Engineering Trustees, Inc., and the Boards 
of the Founder Societies. In it, the owner- 
ship and title to books, documents, equip- 
ment, and other property in the custody of 
the Library are vested in the United Engi- 
neering Trustees, Inc., unless specifically 
prohibited by the original deeds of gift 
or bequests. 

In order to conserve space, the Library is 
studying more critically new material 
received, and is discarding little-used ma- 
terial in larger amounts than ever before. 


COMMITTEE ON ENGINEERING SOCIETIES 
MONOGRAPHS 

One book was published: ‘‘Theory of 

Flow and Fracture of Solids,” volume 1, 

by A. Nadal. Two books have been 

accepted and are in process of publication: 

“The Buckling Strength of Metal Struc- 
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tures,” by F. Bleich, and “The Theory of 
Elasticity,” by S. Timoshenko. One manu- 
script on ‘Hydraulics Transients” is now 
under review. Three manuscripts were 
submitted, but not accepted. 

The committee is composed of two 
representatives each of the ASCE, AIME, 
ASME, and AIEE. The royalties from 
the books published are paid to the Engi- 
neering Societies Library. 


ENGINEERS’ COUNCIL FOR 
PROFESSIONAL DEVELOPMENT 

The principal activities of ECPD include 
programs for the guidance of young persons 
thinking of entering the engineering field, 
the accrediting of curricula of engineering 
schools, and encouragement and assistance 
to individuals in their engineering and cul- 
tural studies during several years following 
graduation. The council represents ASCE, 
AIME, ASME, AIEE, The American 
Institute of Chemical Engineers (AIChE), 
the Engineering Institute of Canada, the 
American Society for Engineering Education, 
and the National Council of State Boards of 
Engineering Examiners. 

ECPD approved and referred to the con- 
stituent societies the report of the Committee 
on Professional Recognition recommending 
the adoption of uniform grades of member- 
ship. The AIEE Board of Directors ap- 
proved the uniform grades, and submitted to 
the membership proposed Constitutional 
amendments including them. 

Revisions in the Charter of ECPD were 
submitted to and approved by the con- 
stituent societies. 


ENGINEERS JOINT COUNCIL 


The membership of this council includes 
the two most recent available past Presidents 
and the Secretaries, also the Presidents as 
ex officio members without votes, of the 
five societies ASCE, AIME, ASME, AIEE, 
and AIChE. Its principal functions are 
to study matters of mutual interest to the 
member societies, recommend joint action 
when desirable, and administer activities 
upon approval of a majority of the societies. 

During the past year, the Engineering 
Manpower Commission was organized to 
aid in the establishment of policies for the 
most effective utilization of engineers in 
the national effort; a survey of selected 
engineering personnel for the Department 
of Defense was completed and definitions of 
253 fields of specialization, in which 63,689 
engineers of high standing listed themselves, 
were prepared; and the Water Policy Panel 
submitted a comprehensive report. 

The Exploratory Group to Consider 
Further Unity in the Engineering Profession, 
which was organized at the invitation of 
EJC, submitted a report which is being 
studied by the societies. 

Many other matters 
during the year. 


were considered 


JOINT AIEE-IRE CO-ORDINATION COMMITTEE 


The Joint AIEE-IRE Co-ordination Com- 
mittee was established by the Boards of 
Directors of the AIEE and the IRE. The 
first meeting of the committee was held 
September 5, 1950. 


Report of the Board of Directors 


By the establishment of this Joint Co- 
ordination Committee, opportunity is pro- 
vided to discuss subjects of mutual interest 
and to recommend action thereon. 

Recommendation was made that a con- 
tinuing joint subcommittee be established, 
under the Education Committee of the IRE 
and the Committee on Student Branches 
of the AIEE, to resolve differences which 
occur in the operation of Joint Student 
Branches. This recommendation was ap- 
proved by the respective Boards of Directors, 
and members of the subcommittee have 
been appointed. 


INTER-SOCIETY CORROSION COMMITTEE 


The Inter-Society Corrosion Committee, 
fostered by the National Association of 
Corrosion Engineers, was established in 
1949, and held its third annual meeting in 
New York in March 1951. The committee 
membership now comprises delegates from 
30 United States and Canadian engineering 
and scientific associations and government 
agencies having an interest in corrosion and 
its prevention. 

During the past year by-laws of the 
committee were adopted by vote of the 
societies represented upon it through delegate 
members. At the meeting in March, a 
subcommittee reported upon the activities 
in the field of corrosion of societies repre- 
sented upon the committee, and further 
reports of a similar character from delegate 
members were received. Other subcom- 
mittees previously appointed and at work 
during the past year are those on Standard 
Definitions and Terminology and on Liaison 
with Foreign Laboratories and Corrosion 
Agencies. 

In furtherance of one of the main objectives 
of the committee, namely, the promotion of 
co-operation and the avoidance of undue 
duplication of effort, the AIEE delegates 
to the Inter-Society Corrosion Committee 
have been in contact during the past year 
with AIEE committees whose fields of 
interest were thought to include corrosion 
in a major or minor degree. In about half 
of these cases, interest and the desire to be 
kept further informed were manifested. 


REPRESENTATIVES 


The Institute is represented in many other 
joint activities not covered by this report, 
and a complete list may be found in the 
Year Book, or in the September issue of 
Electrical Engineering. 


APPRECIATION 


The continuing rapid increase in member- 
ship and expansion in technical activities 
reflect great credit upon the general and 
technical committees and the District, Sec- 
tion, and Student Branch officers and 
committees. The Board of Directors extends 
to all of these groups and to the membership 
in general its heartiest congratulations and 
thanks. 

Respectfully submitted for the Board of 
Directors. 

H. H. HENLINE 
Secretary 
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HASKINS & SELLS 250 PARK AVENUE 
CERTIFIED PUBLIC ACCOUNTANTS NEW YORK 17 


ACCOUNTANTS’ CERTIFICATE 
American Institute of Electrical Engineers: 


We have examined the balance sheet of American Institute of Electrical Engineers, 
and schedule of securities owned, as of April 30, 1951, and the related statements of income 
and operating fund reserve and of restricted fund reserves for the year then ended. Our 
examination was made in accordance with generally accepted auditing standards, and ac- 
cordingly included such tests of the accounting records and such other auditing procedures 
as we considered necessary in the circumstances. 

a In our opinion, the accompanying balance sheet, schedule of securities owned, and state- 
ments of income and operating fund reserve and of restricted fund reserves present fairly 
the financial position of, and securities owned by, the Institute at April 30, 1951, and the 
results of its operations for the year then ended, in conformity with generally accepted 
accounting principles applied on a basis consistent with that of the preceding year. 


ar 


(Signed) HASKINS & SELLS 


New York, 
May 18, 1951 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Exhibit A Balance Sheet, April 30, 1951 


——— 


ASSETS LIABILITIES 


Property Fund Assets: Praperty Fund ‘Reserve'.....<cccs tetaeteia nie ereain te tenaatersrate ecesesce -9292056.67 


One-fourth interest in physical properties of United 
Engineering Trustees, Inc.: 
Land, buildings, and equipment (less depreciation 


and ‘renewal reserve) )i/je. o> «eleva vib wt siclo 1s «ip sie) $306,752.07 
Funded depreciation and renewal reserve.......... 191,696.41 
Total sieviiecateciagie ss taccsciyew ois Weneis cies niclecierew <p 490,440 640 
Equipment: 
Library (nominal value)....... SO 1.00 
Office furniture and aera (ees reserve on ie 
preciation, $35,335.34)... Pa veiais: seaiaatecatens aiainaen 2h, OOD OF 
ESE oon ese om cond Ue a eee 3,001.35 
Dotaliproperty fund sassets) ja -iciaue oes) sescieine ee elas) dele slaleb sien UD ae CON ON) 
Restricted Fund Assets: Restricted Fund Reserves (Exhibit C): 
Securities—at cost (quoted market value, Reserve capital fund.) ojo « jen cleiciaisieisleivieiny sini sisle S401, OL 
$694,582.00)—Schedule 1. wee. $584,660.72 Life membership fund.. hassuays mtns Slavaraetsbacovesunceps tera T3257 ae 
Cash (including $1,760.83 Garediant Fands\eh Member-for-Life fund. . : Fie ausre Ques Pee 
Reserve capital fund....... 2.2.0... .00 esses sees 6,760.09 International Electrical Goneces BAS Tort inseass 
Life membership fund. . Bere Cat stoma ack taue teres 2,314.81 fund.. FES SSIES Tes OP Noe Seria 6,608.69 
Member-for-Life fund. . cesses. 2,857.76 Tamimerviedal fland iene sain te tere ee eee ae 4,440.44 
International Electrical “Congress. of St. Louis Mailloux fund. . ipa wie a ues ene poets eau oe REE 1,023.44 
Library fund. . treet etecerecescareessaes 1,565.99 NORA Gane IWPITCL. Gnkoo. ca dcconacuonnucetene 19,438.17 
Lamme Medal fund. Lich OOt AISA 0S OER JOrON 160.00 Retired employees insurance fund................-.. 2,000.00 
Mailloux fund.. La hecoheee late alatache oan crc oathic aheltte 1,023.44 —_—_——— 
Volta Memorial fund: ate Pau Od ROAD EAL 734.01 
Retired employees insurance cifund shppondGadonanaas 2,000.00 
Accrued interest receivable. AOD WR aA Irs 278.51 
Total restricted:'fund assets....0..-0--...seeeerveaeesssesss+. 602,355.33 Total restricted fund reserves.......200escececeeeasecsseeeses 602,355.33 
OPE Fund Assets: Operating Fund Reserve, Liabilities, Etc.: 
Cash (not including $2,225.01 for Federal taxes Accounts payabl 
P 2 CARRAE AREER Abt sor aay aes Hc ter rach cee Pte 
withheld from employees)... ..........2++-000- $ 6,048.32 Deferred. Eee : 
"Members for do - 17 Dues receivediimiadvancess/csisiss stalelsiaetateis ciclo oinl iets 4,719.56 
embers—for dues fc ess reserve, $7,700. ee Seearritns 15,589.22 Entrance fees and dues advanced by Bpplicants for 
Advertisers... .... sessesees 2,966.30 membership: «laa aceasta coma ieee eas 2,884.15 
a Miscellaneous... z “ ne Spiciumisiexe xidielsle@sl sta ata 4,574.47 -Subscriptions to publications received in advance... 22,657.30 
Canis eceivable, tr teereeeseeseeeees 2,209.27 Miscellaneous (including unallocated receipts) Rona 1,346.27 
LIF ANSACHONSHKEUCsjoteialsi aie VAeteat steve latelsistaisleishe seit aetereu Ae OUG ROU, Operating fied esenye ea eee a pig isaneer 
Wext-and cover papers. canrimmetiternisaistehaa aerate 13,904.90 
LECI A ABeniodioudsonotios dousnacsaraauboasdute = SyeuLane) 
Deferred charges: 
Production charges for May issue of Electrical 
EABINCOMEIG s itehnsclers)ai-tels) stata niet ny rele iseiayeietesinareen ek gL OKAS 
Mrdveltadvances’s:..s)sjsccissiselcisie elseee aie sts weie 970.00 4 : 
Wotalroperating fundiassetsa-oniaajeitenis athena ismeteeinecion 75,351.54 Total operating fund reserve, liabilities, etc..........+0e++eeeee 75,351.54 
Total....... Cela ee ey eleie ate cinisieaaideetleceesicenseenssecccencas $1, 206,763.54 Totaliecss dccieccaisis cre Sage R eee ee eae .. +. .$1,206, 763.54 


Note: On October 26, 1950, the Board of Directors transferred title to the Institute’s books, papers, and so forth, except as to restricted gifts, to United Engineering Trustees, Inc. 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


Exhibit B Statement of Income and Operating Fund Reserve for the Year Ended April 30, 1951 
Income: BR Rae OEE E oogenesis oyriarvinetagts ance oh . $875,243.74 
Re Gaclading $207,684.00. allocated’ to <ideteical EXPOUSER (COLWAEG) ss. che crore) aia aseid,/s\siaiaysie, o;seiotee Gane “$625, 293. 32, 
Engineering subscriptions)... .......22..0220+se008 $457,552.94 Traveling expenses: 
Advertising in Electrical Engineering............ . 202,136.40 Geographical Districts: 
POM AAONS SUDECTIPUONS. oo ics cs seecccebrd swan wes 18,608.45 ecutive WOMMITTCES fy 5.ciescc nets a c\liclare cictelca wavare 7,732.43 
Electrical Engineering subscriptions. . és 33,914.81 Vice-Presidents 1,867.90 
Miscellaneous publications (preprints, Standards, ‘and Conferences on student activities: aeons 10,040.99 
ee) cpa niatueearet an ware e7ate rats ikitrereteye 53,462.44 Board 5f> DISSE oh ete UC apn 20,274.25 
Students’ fees.. 35,254.00 Nominating Committee... Pip rOnuIO CONDE G 1,909.50 
Entrance fees. . 1. 18,432.27 President’s opens see Saaeiarats sire eissaiav ais nf 970.62 
Registration fees Institute’ tectinga’ and! technical Institute representatives. . : 116.32 
OSL. LASSIE By Ge nee lS GO OPT ERs EN 19,812.62 Administrative expenses. . S Seleicisierese) L06,555-00) 
Beperes ETRE IDACGESS, vise io/e(o\efeisis/ alters ie ile eieigieis [s/o etclsin = 6 4,694.90 Geographical Dist Branch pape ae Slerevarcunieavetaie 745.65 
MR IIRTCTR CENCE OSt 2 oc a jir'cisy.eis) assets nsjb sie. aVarslavslsisieiscecavels\a jo 3,780.00 Institute prizes. . Peas 745.41 
Interest and dividends on investments of Reserve Retirement system AIEE—normal contribution. ADCO 9,342.45 
EMER MSNA rr onic cia wiayslv’y sieeeiatee Me acivites Shine, ly Soe. OF American Standards Association. . i 1,500.00 
: Canadian Radio Technical Planning Board. . 10.00 
BUSAN TAGOTIG © 5.6) 2) 01 o0'c. 21510 siae's) #0) eishare, 2 - - $875,243.74 Engineers’ Council for Professional Derclopaiene etme tror 2,163.20 
Engineering Foundation Project—Welding Research.... 250.00 
Expenses: Engineers Joint Council..... 4,916.32 
mae: Hoover Medal.. 292.43 
Publications expense: ohn Fritz Medal... 181.68 
Electrical Engineering teXt. eee cere e ee $191,064.15 ae Gonncimoe Sten Boards cof Thagdlacaairs 
Electrical Engineering advertising....... 102,203.87. .$293,268.02 Pane 500.00 
: United States National! RGoraitteeInternationsl 
SE 2 ooh nin Se cshri s abe es Commission on Illumination.................+5 300.00 
“Year a 15 "384.32 National Fire Protection Association, ..............+65 100.00 
Miscell Elics : oats United Engineering Trustees, Inc. : 
iscellaneous pu ications s (preprints, Standards, ‘and Balaielemessients 19,803.64 
other publications)............ raters 38,446.92 hee Ee te ea 15.498 .35 
had meetings. . 31,346.53 Library retirement plan.............0s0-eeeeeeee- 3,499.45 
nstitute Sections.. SeeReeiciac OO; ble s49 Menbershan badees” 4 618.65 
Institute Branches including paper prizes, etc saistnats Shots Leen G Fe SEP LOG GON EH ODO OU aa "O50. 
2 Legal services. Sin aiere seals 250.00 
oat Committee. . 7 850.00 Rent, etc. —Editorial omices 500 ‘Fifth ‘Avenue. ont fear 7,007.54 
eadquarters Committee including $925, ‘wiring Exchange allowances 9574.02 
ee ee ; 5 Pes ges : . Provision for doubtful accounts. ‘ 5 9,079.95 
yaaa ee tie aS ae os 3 = os a ¥ vs ae: ; 2 87.67 Transfer to Property Fund Reserve for: furniture ‘and 
Standards Committee..J.........cceceeeceecercesee. 16,654.34 Be faces expenditines .- aura 
Pea Ctd COMIN CTEES «x oa ec0ie ais: isie. 0. 08 wists o aie vies ielere 15,594.06 
Committee on Public Relations...........0.0000000085 7,219.18 Bp ahs Said in RCE Ea Eos onteen BOS 
Constitution and By-Laws Committee.,.............45 3,183.06 eipitce oie koabeed aaa ieee epee as a 
Ress UNiedal Covimittee 266 35 the two years ended April 30, 1951, originally 
ee ee Sach neaees EC a eee ee 114. 30 charged to Operating Fund Reserve, now treated 
0 Ean? 3 ; as repayment of loan from Capital Fund Reserve 
Pe ccs ccve cee tttes 1c00 22 $625°293.32..$875,243. 74 (Bee ybelows) sdac «<,_wets dint fobagstereie eiatea aie as ara (i 10,572.68 


Total: expenses (net)... 65 6% ce, covaiaeo tae dears 


Excess of Income over Expenses for the Year............- 


Operating Fund Reserve, May 1,1950.......... 6.0... eeeeee ences 


Total... 


. 859,497.28 


Less Repayment of athena: Sayin Reeve Capital Fund (sce Aine 


Operating Fund Reserve, April 30,1951,................ 


$ 15,746.46 
12,057.73 


-$ 27,804.19 


10,572.68 


$ 17,231.51 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


Exhibit C Statement of Restricted Fund Reserves for the Year Ended April 30, 1951 
International 
Electrical Retired 
Reserve Member- Life Congress of Lamme Volta Employee 
Capital for-Life Membership St. Louis Medal Mailloux Memorial Insurance 
Total Fund Fund Fund Library Fund Fund Fund Fund Fund 
Balance May 151950... 060i. scco nesses se cevses $595,145.26. $543,295.65. .$11,288.94...$7,610.88...$6,382.33...$4,440.44. $1,021.38. .$19, 105.64. .$2,000.00 
Additions: 
Pregre eon DONS, . <6. c's. cee ese od een enine ner cia® ULE Goats Bio itior oc cise 126.90...$ 138.39...$ 138.53...$ 160.00..........084 $ 420.00 
Interest on bank balances.,.............05. Seema res GE O tate) a eredtretenteetetets etelr sicis eravetasers = MOEN Ee wie falgialetia erste pintet ars © $ 20.16 
Operating fund loan repayments: | 
1949-1950 (leaving a balance of $19,427.32 due 
from Operating Fund).........-. Rowoelnnacgc. 10,572.68..$ 10,572.68 
Allocated portion of ducs........0.+2e0eeeceaereees Dy A920 arteteretertesiatateale 2,292.00 
Profit on sale of securities, etc........+-.seseeeereres 5 O12N 12a | on 472.22 An Acassbonc 21340n a. 226043, 
Total additions...........0cce cece cree secevces$ 19,826.32..$ 16,044.90..$ 2,418.90...$ 397.40...$ 364.96...$ 160.00..$ 20.16 §$ 420.00 
Total... 2... cece cece cece cece teen ee ee ee » $614,971.58. .$559,340.55..$13,707.84...$8,008.28...$6,747.29...$4,600.44. $1,041.54. $19,525.64. .$2,000. 00 
Deductions: 
Expenditures for air-conditioning equipment made 
by Operating Fund for account of Reserve Capital 
Mentescde nsec vaibisicicivie «sir ele isles deslsleie o elsls, views /<1= 67s ee $ 10,572.68..$ 10,572.68 
Authorized withdrawal fay life membership fund. . OBO Me tetetelaleretereeurtatatarcte rele aveteretevalorene -$ 650.77 
Purchase of medal, cost of engraving, etc. (exclusives | 
of $114.30 paid from operating fund)..........++++ 1605.00)... s/scmnaemege aPC SERN Cota Bacatp ides ene etcetera proveta ae cats. $ 160.00 
Library purchases. . Beenie wie SOdoOLeErecnd nate VSG Ob tecersbetetentetartcinrs s teva ttiat etepietterciora ter teteratarat $ 138.60..... exeraacensy« ae $ 18.10 
Traveling expenses—District ‘Branch Lines winners. ... 988.63... a/c cies preeietar 988.63 
Costs of printing applications, etc.........++++-- aetaiers STAT onsicaaes sae err oS eine aed seeeeeseemnennegens Pe Gdir) ares UA, Pasa pene mene $ 87.47 
Total deductions. .....6..sc0cceereeceer eens .-$ 12,616.25..$ 10,572.68..$  988.63...$ 650.77...$ 138.60...$ 160.00 $ 18.10..$ 87.47 
Balance, April 30, 1951 (Exhibit A)........... . $602,355.33. .$548, 767.87. .$12,719.21...$7,357.51...$6,608.69...$4,440.44..$1,023.44. .$19,438.17. - $2,000.00 
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Schedule 1 


Securities Owned, April 30, 1951 


Restricted Funds 


ms 


// 


Principal 
Amount of International 
Bonds or Electrical 
Number of Reserve Life Member- Congressof Lamme Volta 
Shares of Capital Membership _for-Life St. Louis Medal Memorial 
Stock Fund Fund Fund Library Fund Fund Fund Total 
vf 
Railroad Bonds: 
Atlantic Coast Line first consolidated 4%, due 1952 MIC TOD $4000.00. caieis ore: dere acestiessy ins eye. aces kh nunfey atc teo aap fe ha FONE RS DT sas nA oO ALO Tee at er $ 4,253.78 
Baltimore & Ohio, Pittsburgh, Lake Erie & West Virginia 
System refunding 4%, due 1980......-... 0+ se seeeereeeeees 10,,000..00.....9. 6,450.00) coo es. aiefecntsiainira/ece-atntele stim messin aay aie os <= cli Ae areas 6,450.00 
New York Central Railroad Company 4% series A consolidated 
mortgage, due 1998.. wee eee AD ,O00S00,.< 19 SUZA50 5 5/27 ts cr acatene)slecicteletey rie ieteteetsie 2 9,812.50 
Northern Pacific Railway Camaar “Al /2% %o “Rollateral trust, 
due 1975.. alate scicls 'elzvausastak tiniest tenets sisal 15,000. 00.6.0: 15. BO7 50. 5 cee occ cine) ol wieloineetiepal tues hepsi ttre t aiiiterelicds| (pris atest e!etie|ei 0p /o)-1/=ietoits enna 15,307.50 
Total railroad bonds............e0055 Oe eo OY eee nei sro re harer cia See Ma mirc $ 35,823.78 
Public Utility Bonds: 
American Telephone & Telegraph Company 28/4% debentures, 
due 1971. ei! OOO ROD. iatsrcete + arate <-anea eta leholala ee Foor to PART 5 OOS, erariels: sa rcressmicteenc ..$ 4,775.00 
American mrelepnone & Telegraph ‘Company 23/4% Debentures 
due 1975.. aes ween a 20,000.00:.. 39 10/062550. 95.031. 200 an nciem et a eivintls $5 OST ZB eons cisiae sarasis 4 elniere (eis ree eanee 20,125.00 
Philadelphia Electric Gompany first refunding 23/.%, due 1967.. 10,000.00. 25, 10, 325.00... ave gieiwuinie alesloyein. o/e/e.cin/0v leseieln(alitemsekoiahateyeacin]sshsts eaten 310s et orate eet tals Nita aaa 
Total public-utility bonds: se. sa sen creek role sienna pee re emer $ 20,387.50...$5,031.25..$4, 775.00. $55031.25% 0. ene cn one ces ete eee $ 35,225.00 
Industrial Bonds: 
Shell Union Oil Company 2!/,% debentures, due 1971.......... $20,000.00...$ 19,800.00. .-$ 19,800.00 
Standard Oil Company of New Jersey 23/3% debentures, due 
LOTA saresicse ymsisteesrore Diskatel ctabetelicleceanic ie eles forsierere ele terebeterieess 20,000.00)" 19,675. 005 225. nv sac ROA Ine octet orc aon ee Arete tats 19,675.00 
Total industrial bors o.,./c!01=\<\22:<:019: (=: a10i0/o a(eielvn'a d1s/8|aeterary «/bea pela, plore sn Vureta Diy Og oo MO eera tal on acta ats tet ee ee .-$ 39,475.00 
United States Government Bonds: 
Treasury bonds 3%, due September 15, 1955/51..........+-40- $727 000 100 Mae sce rareievetn cesta aha ais aladelioyerela ge Ric s ss hiae al eee eee ..$ 2,081.66..$ 2,081.66 
Defense bonds series G 21/;%, due December 1, 1954........... 18,000.00...$ 13,000.00. $5,000.00. oie ies ci eee eae e » Died wo a oot ne a 
Treasury savings bonds series G 21/2%, due September 1, 1955... 40,000.00... 40,000.00. . iid wiighaete a 40,000.00 
Treasury savings bonds series G 21/2%, due November 1, 1956... 17,000.00... 17,000.00.. 17,000.00 
Treasury savings bonds series G 21/2%, due May 1, 1957........ 20,000.00... 20,000.00. . 20,000.00 
Treasury savings bonds series G 21/2%, due October 1, 1957..... 30,000.00... 30,000.00. 30,000.00 
Treasury savings bonds series G 21/2%, due May 1, 1961........ 30,000.00... 30,000.00. 30,000.00 
Treasury savings bonds series G 21/2%, due July 1, 1961......... 15,000.00... 15,000.00. . wo ole: oc, 0 ere este SEO OOO ROO) 
Treasury bonds 21/4%, due December 15, 1962/59........0+-05 16,000.00. . . 16,480.00.. 16,480.00 
Total United States Government bonds. ....5.....00ceseescrcsccrcnscess $165,000.00. . «$5,000.00... cue ve ee ce webb eee oe 00 sPLBy DOL. OOmte pS Bie CniOG 
Total bonds... 00.60 ce cee ec ce cece ee ccee cave ce tees veins sie cone esc es$250;432. 50. «$5,031,251. «$9, 175 000 oe $5 051.25)... 4 COI. Ole a1 7 OOO Riehl oma 
Capital Stocks: 
Preferred Stocks: 
Atchison, Topeka & Santa Fe Railway Company.............. 200 shares...$ 19,174.71. . soo 19 TARTS 
Dow Chemical $4 cumulative, series A............. 00000 cue 100 shares... 11,547.50.. - Ci saree 
General Motors Corporation $5.. ... 200 shares... 25,820.00. 25,820.00 
Ohio Edison Company 4.40%, . . 200 shares... 21,279.25. 21,279.25 
Scoville Manufacturing Company 3. 65% GWAR, 00- oo, 100 shares... 10,111.25. 10,111.25 
United States Steel Corporation 7% cumulative................ 100 shares... 14,885.00. 14,885.00 
Totalipreferredistocks:strnariteon mink Cotta ae ee Ie PER SLOZAS Ti loneet. . $102,817.71 
Common Stocks: 
American Can Company... .. 60shares...§ 4,988.40.. ..8 4,988.40 
American Gas & Electric (Cam aany,. ... 400 shares... 15,069.04... 15,069.04 
Caterpillar Tractor Company. . ; . 200 shares... 9,361.30.. 9,361.30 
Consolidated Natural Gas Company... ... 100 shares... 4,428.80. . 4,428.80 
Eastman Kodak Company. . .. 330shares... 9,699.90.. 9,699.90 
E. I, du Pont de Nemours & Company.. ... 300 shares... 12,278.14... 12,278.14 
General Electric Company... .. 200shares... 7,748.66.. 7,748.66 
General Motors Corporation. . ... 200shares... 4,235.53... 4,235.53 
Gulf Oil Corporation. . bin wihicrsltevee anate sate eran 200: shares eeu D2 G4m Ome 12,264.20 
Insurance Company of North. anne, . 120shares... 10,847.50. . 10,847.50 
International Harvester Company...........20.0.escecesceses 300 shares...  5,030.50.. 5 ‘030.50 
International Paper Company... .. 200shares... 9,186.12... 9,186.12 
Louisville & Nashville Railroad Coney. ... 100 shares... Gy 27S Lowe 6,278.13 
Pacific Gas and Electric Company... . 200shares.., 8,316.23. 8,316.23 
Public Service Electric and Gas + Company § $1. 40 dividend! pret ; wii 
erence common stock. . -. 300 shares... 9,040.55. . - 9,040.55 
Sears, Roebuck and Co.. Bye Ga Paper heii oes eacr etc esaeeleem a 4O0Isharcsser en mLOrON Amor ae 6,014.97 
See eee 400 shares... 8,216.87... 8,216.87 
Standard Oil Company of Indiana........................... 200shares... 8,170.32. 8,170.32 
Standard Oil Company of New Jersey........................ 252shares... 12,219.99. . 12,219.99 
Swedish Match Company classB,.............-...+..++-+-++ 18 shares... 100.00. . 100.00 
Union Carbide & Carbon Corporation....................... 300shares... 7,277.42. 7,277.42 
United Fruit Company,.............. - 300 shares... 11,985.00. + ag seen GO 
Total common stocks..... . $182,757.57. . $182,757.57 
Totalicapitali stocks. ty0 ae cicne AOR sen more oc ee a Ee ee: $285,575.28. . +» $285,575.28 
Total: Sasa wpxcon ee OS Sees eee Oe Ee - -$542,007.78...$5,031.25...$9,775.00...$5,031.25...$4,253.78. .$18,561.66..$584, 660.72 
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Report of the Board of Directors 


AIEE TRANSACTIONS 


—EE Eee 


Officers of A.I.E.E. for 1951—1952 


James F. Farrman, New York, N. Y. 


PRESIDENT 


F. O. McMILLAN 
Corvallis, Oreg. 
(Term expires July 31, 1952) 


PAST PRESIDENTS 


(Term expires July 31, 1952) 


istrict 


D 
1 J. G. Tarpovux, Ithaca, N. Y. 

3 C.S. PURNELL, New York, N. Y. 
5 J. R. North, Jackson, Mich. 

7 H.R. Fritz, St. Louis, Mo. 8 
9 J. A. McDonacp, Salt Lake City, Utah 10 


VICE-PRESIDENTS 
District 


(Terms expire July 31, 1952) 


C. W. Ficx, Cleveland, Ohio 


A. H. Frampton, St. Catharines, Ont., Canada 
M. D. Hooven, Newark, N. J. 


DIRECTORS 


Titus G. LECrarr, Chicago, JIl. 


(Term expires July 31, 1953) 


2 J. C. StrRasBourRGeER, Cleveland, Ohio 
4 E.S. Lammers, Jr., Atlanta, Ga. 

6 EF. W. Norris, Lincoln, Nebr. 

N. M. Lovetu, Tucson, Ariz. 

W. R. Way, Montreal, Que., Canada 


(Terms expire July 31, 1953) 


WALTER J. BARRETT, Newark, N., J. 


ELGIN B. ROBERTSON, Dallas, Tex. 


VICTOR SIEGFRIED, Worcester, Mass. 


(Terms expire July 31, 1952) 


Ernest W. Davis, Cambridge, Mass. 
N. B. Hinson, South Pasadena, Calif. 
H. J. Scuorz, Birmingham, Ala. 


(Terms expire July 31, 1954) 


F, R. BENEpICcT, Pittsburgh, Pa. 
R. F. Danner, Oklahoma City, Okla. 


D. D. Ewrne, Lafayette, Ind. 


(Terms expire July 31, 1953) 


TREASURER 
W. I. SticuteR, New York, N. Y. 


(Term expires July 31, 1952) 


(Terms expire July 31, 1955) 


SECRETARY 
H. H. HENLINE, New York, N. Y. 


(Term expires July 31, 1952) 


AusTRALIA—V. J. F. Brain, Electricity 
Authority of N.S.W., Box 2600 G.P.O., 
Sydney, New South Wales 


BraAzit—W. L. Simpson, Sao Paulo Tram- 
way Light and Power Company, Caixa 
Postal 26-B, Sao Paulo 


ENGLAND—Sir A. P. M. Fleming, Metro- 
politan Vickers Electric Company, Trafford 


LOCAL HONORARY SECRETARIES 
InpIA, NORTHERN, S. S. Kumar, P.W.D. 


Electricity Secretariat, Ellerslie, Simla-E, 
East Punjab 


INDIA, SOUTHERN—M. S. Thacker, India 
Institute of Science, Bangalore 


JAPAN—Stetfan Tanabe, 96 San-Chome, 


NEw ZEALAND—R. D. Neale, School of 
Engineering, Canterbury University Col- 
lege, Christchurch C.1 


PaxistaN—Mohamed MHussain Khalid, 
Electricity Department, Mardan 
SWEDEN—Edy Velander, Box 5078, Stock- 
holm 5 


TRANSvVAAL—Francis E. Ingham, Box 6067, 


Park, Manchester 17 Denen-Chofu, Ohta-Ku, Tokyo Johannesburg, Transvaal, South Africa 
PAST PRESIDENTS—1884-1951 
PINORVIN GREEN... 605 ceca os 1884-85-86 *DUGALI CaiACKSON).. 0 octane 2 as 1910-11 EGS aiSRINNDR. + < Bere eitetece ticpatrelets 1931-32 
GRRANELIN DL. POPE ......006.0% 66% -% 1886-87 GANOSDIUNNe mts. ol nrn stele oe nate 1911-12 He PP’ CHARLESWORTH sc cc eee. 1932-83 
*T. COMMERFORD MaRTIN........ 1887-88 RaupH D. MBERSHON............ 1912-13 TS BE WHITEHEAD. Men stele. thet ie’ 1933-34 
EEHDWARD) WESTON... 0.250.000 LOSS Ole ee CON UATIEOUCS dioss cle a siaais ison IGIS= 149 VS]. ALrEN | J OHNSONSaee Geno es ceae 1934-85 
BPrmio LHOMSON....0 0.00 0000s 1889-90 RAD Te VIpMICUN COLN.)cvetelelreroie a nits 1914-15 EB Bi NEB VE Reon corse ocicecios ee 1935-36 
*WILLIAM A. ANTHONY........... 1890-91 MOEN CARTY 5), wleicle ssh lotarer 1915-16 AG ie UAC Cur CHRONesss) sia ct cle 1936-37 
*ALEXANDER GRAHAM BELL....... 1891-92 EEO WRIBUCE iiss. oe eans ae lose LOUGH Wir ELAIEVARRIGONG EU ateretetsre Croietel ahs 1937-38 
*FRANK JULIAN SPRAGUE......... 1892-93 Ta Wie RICH iRitenn isiusls,s iss elope sere 1917-18 JOHN CASTLEREAGH PARKER..... 1938-39 
*EDWIN J. HOUSTON. ........: 1893-94-95 ComrortT A.,ADAMS...........5-> 1918-19 F. MALCOLM FARMER.........-- 1939-40 
BOUTS DUNCAN ....5.5.050.55 1895-96-97 SK CAL VER DeRONVINIUE Win eins arsleleleneieiere 1919-20 Re Wa SORENSEN: ses arsine ca-sets 1940-41 
*FRANCIS BACON CROCKER........ 1897-98 PACE BERRESKORD:\0 «sisiine 2 eivie's 1920-21 Avi CSIPRINGH aes ce tciete ikeieee 1941-42 
RACE KPNNBELLY§ «acicse scgssreies « 1898-1900 *WILLIAM MCCLELLAN..........- 1921-22 ELAROLD!S.\OSBORNEi a oeastsss ere cies 1942-43 
RSAR TV LIERING «as cket swt oe: vse shes 1900-01 BR RANIK GE eM WVAEET oriciscc serine 1922-23 INBVING ES UNKy oaenicien dais cene« 1943-44 
*CHARLES P. STEINMETZ.......... 1901-02 BEUARRIG wR OWA ci ie iotrenetomcveisoteieke 1923-24 CAMP OWI: re cy tetever sd euae bce oh ese 1944-45 
B@mARERS MF) SCOTT oa... 5 ease 3 1902-03 MMAR BV OSGOOD alam inieils cielo eles 1924-25 Wien oNVVICKS NDE Nievera i. ofersieic clele alts 1945-46 
BASLON | ORNOLD 3 2 ¢rsis sien cles oe 1903-04 BIMUGL CPUPING see er eloces eicus ste usenet 1925-26 JG EEMBR HOUSEBYe elt ele sister's 1946-47 
SAORI. Wis LLB Bs 6.0 welts icnsieievs oo 00 QORE Oa MC ANO RNG cocks spoh aan ve pid oamctcnaignceni cr C 1926-27 Jo 0)505 aso tarenincany eB oe Comerica 1947-48 
*SCHULYER SKAATS WHEELER..... 1905-06 *BANCROFT GHERARDI...........- 1927-28 EVERETT SLE a. eecttaet ce sie) site sss 1948-49 
PGAMUEL SHELDON.....2.0205008% 1906=07 = SRe KA SCHUGHARDT. 4). «seu. 0 + aoe 1928-29 AMES IE), RATRMAN solis in tie octave ese 1949-50 
BRIN VAG. STOTT 6s sspears waste ee ee 1907-08 MEVAROLD! Ba OMITEH sea curcten, 2 .cecn 1929-30 yTTs Gwe CLAIRG., jae vaies cavers 1950-51 
Pieours A. FERGUSON 26.005 4305 06 0 ois 1908-09 PE WALETAM OURS .ich.as eke: Mee a8 1930-31 * Deceased. 
MpEVIS DB. STIDLWELL.. osc acs 20's 1909-10 
Officers and Committees 1951-1952 2165 
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df 


Past and Present Officers of the Institute 


Abbott, Arthur V., V-P., 1900-02. 

Adams, Comfort A., M., 1912 15; V-P., 1915-17; 
P., 1918-19. 

*Adsit, Cc. G., V-P., 1921-23. 

Alger, P. L., (By, 1944-48. 


*Anthony, Wm. A., V-P., 1886-89; P., 1890-91; 
ee Hoy 1903-06; V-P., 1906-08 
*Armst , A. H., M., 06; V-P., i 
aid a 1895-98: V-P., 1902-03; 


*Arnold, Bion J., M., 
P., 1903-04, 
Auty, Ke A., V-P., 1932-34. 


*Babcock, A. H., V-P., 1918-19. 

Barker, if W., V-P., 1940-42. 

Barnes, H. H., Jr., M., 1910-18; V-P., 1913-15. 
Barrett, Walter J., D., 1949-54. 

*Barstow, W. Seu 1900-03; V-P., 1903-05. 
Barton, T. F., V-P., 1939-40: D., 1940-44. 
Bates, D. Det, V-P., 1885-87. 

*Baum, Frank G V- P., 1906-08. 

Beardsley, (es 1 DE 1937-41. 

Beaver, J. L., V-P., 1927-29. 

Bedell, Frederick, M., 1914-17; V-P., 1917-18. 
*Behrend, B. A., M., 1913-16; V-P., 1916-18. 


*Bell, Alexander G., V-P., 1884-85; P., 1891-92. 
*Bell, Louis, M., 1891-94. 

Benedict, F. R., D., 1951-55. 

Bennett, Edward, V-P., 1924-26. 

a Berend, A. W., M., 1909-12; V-P., 1912-14; 


, 1920-21. 

poe ip H., V-P., 1947-49. 

Bettis, A. E., V- P., 1926-28; D., 1928-32. 

Bickelhaupt, CG. O:, V-P., 1927-29. 

Bingham, L. A., V-P., 1943-45. 

Black, R. G., M., 1910-13. 

Blackwell, O. B., V-P., 1936-38. 

Blaisdell, L. T., V-P., 1936-38. 

Bolton, F. C., V-P., 1938-40. 

Bonney, R. B., V-P., 1933-35. 

Bower, G. W., V-P., 1947-49. 
*Brackett, Cyrus F., W., 1886-89. 
*Bradley, Chas. S., M., 1894-97; V-P., 

M., 1899-1902. 
*Brooks, David M., M., 1885-88. 
*Brooks, Morgan, M., 1907-10; V-P., 1910-12. 
*Brush, Chas. F., M., 1884-87. 
Bryant, J. M., M., 1924—28. 
Buck, Harold W., M., 1907-10; V-P., 
P., 1916-17. 
*Buckingham, Chas: L., M., 1885-88. 

Buckley, O. E., V-P., 1946-48. 

Bush, Vannevar, D., 1937-41. 

Bussey, H. E., V-P., 1923-25. 


Callahan, J. L., V-P., 1948-50. 

Carle, N. A., M., 1916-19; V-P., 1919-20. 

*Carlton, Ww. GS, M., 1908-11; V-P., 1911-13. 

Carpenter, (ee B., V-P., 1944-46. 

*Carpenter, H. V., V-P., 1930-32. 

*Carty, John J., M., 1893-96, 1900-03, 1903-04, 
ee 'V-P., 1904-06, 1908-11; P., 1915—- 


*Chamberlain, J. C., M., 1890-93. 

Checker th, oa Pp, M., 1923-27; V-P., 1930-32; 

*Chesney, C. C., M., 1905-08; V-P., 1908-10; P., 
1926-27. 

Chesterman, F. J., D., 1926-30. 

Christie, C. V., V-P ., 1935-37. 

Chubb, L. W., Ds, 1931-35. 

Chubbuck, L. B., V-P., 1931-33. 

Church, Ww. Lee, M., 1887-88. 

*Clarke, "Chas. iver M., 1904-05. 

Clifford, H. E., M., 1908-11. 

Coldwell, O. B., V-P., 1921-22. 

*Compton, Alfred G., M., 1891-94, 

Cone, D.1., V-P., 1947-49, 

Cooper, A. a v- P., 1927-29; D., 1930-34. 

Coover, M. Ss Di 1940-44. V-P., 1944-46. 

Copley, A. W., V-P., 1931-33. 

*Craft, E. B. ,M. , 1920-24. 

Craft, F. M. V-P., 1933-35. 

*Crocker, Francis B. , M., 1888-90; V-P., 1890-92, 
1894— 06> P:, 1897-98. 

*Crosby, Oscar <5 V-P., 1892-94. 

*Cross, Chas. R., V- P.; 1884-85, 

*Cuttriss, Chas., M., 1888-91. 


Danner, R. F., V-P., 1946-48; D., 1951-55. 

Davis, Ernest W., V- Pr, 1946-48; YD 1949-53. 

Dawes, Chester ity V- P, 1938-40. 

*Delany, Patrick B., M., 1890— 93; V-P., 1893-95. 

Del Mar, Wm. A., M., 1917- 21; "V-P., 192 1-22. 

*Dewars, A. G., V-P , 1942-44: 1B) 1950— 51. 

Dobson, W. P., V- P., 1925-27, 

*Dolbear, A. EB. V-P., 1885-87. 

*Don Carlos, Hq. (ohn Di 1926-30. 

*Downing, P. M., VP , 1925-27. 

*Duncan, Louis, P 1895-97. 

Dunn, Gano, M., 1897— 1900; V-P., 1900-02; mM. 
1902—05; 'V-P., 1905-07; P., 1911-13,” 

DuVall, W. C., V-P., 1949-51. 


Eales, H. W., V-P., 1921-26. 

*Eckert, W. H., M., "1884-85. 

*Edgar, Chas. ite M., 1905-08. 

*Edison, Thos. iXep V- P., 1884-85. 

*Eglin, Ww. C. L., M., 1903-06; V-P., 1907-09. 
Eldredge, M., V-P.. 1935— 37: D., 1939-43, 
Ellestad, I. M., V-P., 1947-49. 

*Emmet, W. L. Re, V-P., 1900-02. 

Evans, Herbert S., V- P., 1929-31. 

Evenson, F. F., V-P., 1945-47, 


1897-99; 


1910-12; 
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Everitt, W. L., D., 1947-51. 
Ewart, F. R., V-P., 1921-23. 
Ewing, D. D., D., 1951-55. 


*Faccioli, G., M., 1918-22; V-P., 1922-24. 
Fair, R. He We P., 1935-37. 
Fairman, ils ¥F., V-P., 1944-46; D., 1946-49; P., 


1949-50. 

Farmer, F. M., D., 1934-38; V-P., 1938-39; P., 
1939-40. 

*Ferguson, Louis A., M., 1904-07; V-P., 1907-08; 
P., 1908-09. 

Ferguson, O. J., V-P., 1927-29. 

Fick, C. W., D., 194 8-52. 

*Field, Stephen Ds M., 1884-86. 

Fields, E. S., 1945-47. 

*Finney, Toh Ee ie 1914-17; V-P., 1917-18. 

*Fisken, John B., M., "1916- 19s VPs "1919-20. 

Flanigen, J. M., D., 1945-49. 

Fleager, C. E., 1 P., 1929-31. 

*Foster, Horatio A., M., 1890-93. 

*Fowle, F. F., M., 1919-23. 

*Fowler, A. C., M., 1887. 

Fowler, M. M., D., 1925-29. 

Frampton, A. ist, V-P., 1949-51; D., 1951-52. 

*Freeman, W. E., V-P., 1931-33. 

Fritz, H.R., V-P., 1950- 52. 

Funk, N. E., D., 1934-38; P., 1943-44. 


Gamble, Lester R., V-P., 1938-40; D., 1941-45. 
Gaylord, J. M., V-P., 1943-45. ~ 

Gear, H. B., D., 1934-38. 

Geiger, D. G., V-P., 1947-49. 

*Geyer, Wm. iD M., 1888-92. 


*Gherardi, Bancroft, M., 1905-08; 1914-17; V-P., 
1908-10; P., 1927-28. 

Gilson, Walter dy VP. 1943-45 

Goldsborough, W , M., 1901-04; V-P., 1904-06. 


*Gray, Elisha, M., 1884-86. 
*Green, Norvin, P., 1884-86; V-P., 1886-88. 
*Greene, Ss. Dana, M., 1899. 


Hall, Walter A., M., 1917-21; V-P., 1921-22. 
*Hamblet, Jas., M., 1891-94; V-P., 1894-96. 
*Hamilton, George A., V-P., 1884-86; Natl. Treas., 

1895-1930. 

Hamilton, J. L., V-P., 1940-42. 

*Hammer, William J., V-P., 1891-93; M., 1893-96. 

Hanker, F. C., D., 1927-31. 

Hansen, K. L., V-P., 1940-42; D., 1942-46. 
*Harding, C. F., V-P., 1936-38. 

*Harisberger, John, V-P., esol 

Harper, J. D., V-P., Aug. —Oct. 1951. 

Harrison, W. H., V-P., 1935-37; P., 1937-38. 
*Haskins, Chas. 1h V- P., 1884-86. 

*Hasson, W. F. C., V-P., 1895-97; M., 1897-1900. 

*Hazard, Rowland R., Treas., 1884-86; V-P., 
1887-89. 

*Hellings, M. L., M., 1884-85. 

*Hellmund, R. E., D., 1939-42. 

*Henderson, S. E. M., V-P., 1923-25. 

Henline, H. H., Act. Secy., 1932; Secy., 1933-. 

Henry, R. T., V-P., 1944-46; D., 1946-50. 
*Hering, Carl, V-P., 1891-93; 1895-98; P., 1900-01. 
*Herzog, F. Benedict, M., 1887-92. 

Hewitt, Chas., M., 1893-96. 

Hibbard, Angus S., M., 1892-95; V-P., 1895-97. 

Hibshman, N. S., V-P., 1941-43. 

*Higson, C. R., V-P., 1932-34. 

Hinson, N. B., V-P., 1935-37; D., 1949-53. 

Hitchcock, H. W., V-P., 1939-41. 

*Hobart, H. M., M., 1922-26; V-P., 1926-28. 

Hooven, M. D., D., 1948-52. 

Hopkins, Ralph A., V-P., 1949-51. 

Housley, J. E., V-P., 1941-43; P., 1946-47. 


*Houston, Edwin J., M., 1884-87; P., 1893-95. 
*Howell, John W., M., 1888-90. 

Hull, A. H., V-P., 1933-35. 

Hull, B. D., V-P., 1928-30; D., 1931-35; P., 


1947-48. 
*Humphrey, H. H., V-P., 1906-08. 
Hunting, F.S., M., 1911-14; V-P., 1914-16 
esp” Cary T., M., 1895-98; V-P., 


*Hutchinson, F. L., Natl. Secy., 1912-32. 
*Imlay, L. E., M., 1919-23. 


*Jackson, Dugald C., V-P., 1897-99; ee 1910-11. 

*Jackson, B., M., 1912-— "15; Ver 918-19. 

James, Wm. F., Vee 1923-25. 

Jamieson, B. G, V-P., 1926-28. 

*Jewett, F. B., M., 1915- 185 VP, 
1922-23" 

johnson, F. Ellis, D., 1936-39. 

*Johnson, J. Allen, D., 1928-32; V-P., 1932-34; 
P., 1934-35. 

Jollyman, J. P., V-P., 1937-39. 

Jones, A. L., V- P., 1941-43. 

Jones, C. R, Dy 1935-39; V-P., 1942-44. 

*Jones, Francis W., M., 1884-85; V-P., 1885-87. 

*Jorgensen, L. R., V-P., 1919-20, 

Juhnke, P. B., D., 1933-37. 

*Junkersfeld, P , M., 1913-16; V-P., 1916-18. 


Kearns, J. E., D., 1929-33. 

*Keith, Nathaniel S., Secy., 1884-85. 

*Kelsch, Raymond Ss, V-P., 1918-19. 

*Kennelly, Arthur E., V-P., 1892-94; M., 1894- 
07; VaRe 1897-98; P., 1898-1900. 

Kidder, H. A., "M., 1925-28; V-P., 1928-30. 

*Knight, G. L., M., 1922-26; V-P., "1926-28, 

Knowlton, A. sie D, 1930-34. 


1898- 


1918-19; P., 


Officers and Committees 1951-1952 


Kositzky, G. A., Ds 1932-36. 
Kouwenhoven, W.B , V-P., 1931-33; D., 1935-89. 


Lacy, T. N., V-P., 1930-32. 

Laffoon, C. M., D., 1942-47. 

*Lamme, Benj. G., M., 1907-10. 

Lammers, E. S., Jr., V-P, 1951-53. 

Lane, F, H., D., 1937-41. ve 

Lardner, H. A., M., 1913-16. 

Lawton, F. L., V-P., 1945-47. 

ia ae G., D., 1941-45; V-P., 1946-48 P., 

51. 
Lee, eee S D., 1933-37; V-P., 1940-42; P., 
1948-49 
*Lee, peat Sr M., 1911-14; D., 1929-30; P., 
1930-31 
*Leonard, H. Ward, M., 1890-93; V-P., 1893-95. 
*Lieb, John wW., M., 1896-99; V-P PS 1899-1901: 
M., 1901-03; iva fd 1903-1 04; P., 1904-05. 
*Lighthipe, ‘FPA V-P., 1913-15. 

Lincoln, J. F., M., 1920-24. 

*Lincoln, Paul M., M., 1906-09; 
P., 1914-15. 

Liversidge, H. P., D., 1927-31. 
*Lloyd, Herbert, M., 1898-1901. 
*Lockwood, Thos. D., V-P., 1886-87; M., 1888-90; 

V-P., 1891-93. 
Lovell, A. ie Gel D., 1932-36; V-P., 1938-40. 
Lovell, N. M., V-P., 1951-53. 
*Lozier, R. T., M., 1902-04. 
Lunn, Ernest, M., 1922-26. 


MacCutcheon, A. M., D., 1928-32; P., 1936-37. 

*Macdonald, J. E., V-P., 1923-25. 

*Macfarlane, Alexander, M., 1897-1900. 

Maclachlan, Wills, V-P., 1919-20. 

*Magnusson, C. E., V-P., 1920-21. 

Mahood, E. T., V-P., 1942-44. 

*Mailloux, Cc: O., M., 1886-89; V-P., 1898-99; 
M., 1899- 1902; V-P., 1902-04; M., 1905- 
07; P., 1913- 14, 

*Mapes, ibs Ror D., 1938-42. 

*Martin, T. Commerford, Act. Secy., 1884-85; M., 
1885-87; P., 1887-88; V-P., 1888-90. 

Martindale, E. H., M., 1917-20; V-P., 1920-21. 

*Maver, Wm., ap M., 188: 8-91. 

Maxwell, Fred R., Jr. Ba et go 1939-41; D., 1941- 


*Maynard, Geo. C., V-P., 1886-88. 
*McAllister, A. S., M., 1914-17; V-P., 1917-18. 
McClellan, L. N., V-P., 1937-39. 
*McClellan, William, M., 1912-15; V-P., 1915-17; 
P., 1921-22. 
McConahey, W. M., M., 1923-27. 
McDonald, J. A., V-P., 1950-52. 
McDowell, C. S., V-P., 1920-21. 
McEachron, K. B., D., 1936-40; V-P., 1942—44. 
McHenry, M. J., V-P., 1937-39; D., 1944-48. 
McKay, Richard, V-P., 1948-50. 
Mees F. O., V-P., 1934-36; D., 1948-51; P., 
1951-52. 
*Merriam, E. B., M., 1924-28; V-P., 1928-30. 
Mershon, Ralph D., M., 1900-03; V-P., 1903-05; 
Ps 1912-13. 
*Meyer, E. B., D., 1927-31; V-P., 1932-34; P., 
1935- 36. 
Meyer, F. J., V-P., 1924-36; D., 1939-43. 
*Michaelis, O. E., M., 1886-89; V-P., 1889-90. 
Mier, C. W., D., 1943-47. 
Mills, G. A., V-P., Aug.—Oct . 1932. 
Mitchell, W. E., V-P., 1925-27. 
Montieth, A. C., D., 1947-51. 
*Morehouse, L. F., M., 1919-23; V-P 
*Morrow, L. W. W., D., 1933-37. 
Mortensen, S. H., D., 1943-47. 
Morton, W. B., D., 1941-46. 
Moultrop, I. E., D., 1926-30; V-P., 1930-32. 
*Mullin, E. H., M., 1902-04. 
*Murray, Wm. S., M., 1908-09; 1909-12; V-P., 
1912-14. 


Newbury, F. D., M., 1918-22. 

*Nichols, E. L., V-P., 1889-91. 

Norris, F. W., V-P., 1951-53. 

*Norris, H. H., 'M., 1909-12. 

North, J. R., Ps "1945-49; V-P., 1950-52. 
Northmore, E ROVERS 192 7-29, 


Osborne, H. S., D., 1938-42; P., 1942-43. 

*Osgood, Farley, M., 1911-14; V-P., 1914-16; 
, 1924-25. 

Owens, R. B., V-P., 1898-1900. 


Parker, John Castlereagh, V-P., 
1938-39 


Patton, P. H., V-P., 1931-33. i 
*Peek, F. W., Jr., D., 1930-33. | 

Pender, Harold, M., 1915-18; V-P., 1918-19. 
*Perrine, Frederick A. — M., 1898-1900. 
Se Geo. M., Jr., M., 1885-87; Treas., 1886- 


*Pickernell, F. ee M., 1896-99. 
Pierce, A. ‘Ge 1921-25; V-P., 1925-27, 
Pingree, G. N., Mop 1948-50. 

Plumb, H. T., V-P., "1922-04. he 
*Pope, Franklin eee V-P., 1884-86; P., 


1887-89. 

*Pope, Ralph W., Secy., 1885-1911; 
1911— 

Post, G. G., V-P., 1934-36. 

Powel, (Oy nae D., 1936-40; V- 
1944-45. 

Pratt, H. A., M., 1921-25. 


V-P., 1909-11; 


, 1924-26. 


1921-22; P., 


1886-87 ; 
Hon. Secy., 


P., 1942-43; P., 


AIEE TRANSACTIONS 


*Prescott, ae B., M., 1884. 
*Prescott, G. B., jr., iu, 1888-91. 
*Price, Ne V-P., 1941-43. 

Prince, D. G, D., "1938-41; P., 1941-42. 
*Puffer, Wm. L., M., 1896-99. 


Sepia, Michael I, 'M., 1892-95; V-P., 1895-97; 


901-03; P., 1935-26. 
Purnell, C. S., V-P., 1950-52. 


Quarles, D. A., D., 1944-48. 
Quinan, G. E., V-P., 1928-30. 


*Reber, Samuel, M., 1901-04; V-P., 1904—06. 
*Rice, igaivin W., M., 1900-03; V-P., 1903-05. 
*Rice, Wiens) 2s: 1917-18. 

Ricker, Claire W., V-P., 1943-45. 

Robbins, Chas., M., 1916-20; V-P., 1920-21. 


Robertson, Elgin B., D., 1947-51; D., Oct. 1951-54. 


Robertson, L. M., V-P., 1945-47 
*Robinson, L. T., M., 
1920-21. 

*Rodman, W.S., V-P., 1929-31. 

Rogers, C. E., V-P., 1936-38. 

*Ruffner, Chas. S., M., 1916-20; V-P., 1920-21. 

*Rugg, W.S., /., 1910-13. 

*Rushmore, D. Bo M., 1908-11; V-P., 1911-13. 

*Ryan, Harris J., M., 
1923-24, 

*Ryan, Ww. T., V-P., 1928-30. 


*Sands, Herbert S., V-P., 1923-27. 

*Sargent, W. D., M., 1885-86. 

Schilling, E. W., V- P., 1942-44 

*Schoen, A. M., M., 1906- 09; V- P., 1919-20. 
Scholz, H. J., D., 1949-53. 

Schoolfield, H. Sh V-P., 1926-28. 
*Schuchardt, R. F., V-P., 1922-24; P., 1928-29. 


*Scott, Chas. F., M., 1895-98; V-P., 1899-1901; 
P., 1902-03. 
*Scribner, Chas. E., ee a gare V-P., 1913-15. 


Seeger, E. W., V-P. 1949-50 

Seeley, W. J., V-P., 1949-51. 

Sever, Geo. F, M., 1898-1901; V-P 
M., 1903-06. 

*Shaad, re C., V-P., 1930-32; D., 1935-36. 

*Shelbourne, Sidney F., M., 1886-87. 

*Sheldon, Samuel, M., 1898-1901; 
M., 1003-06. P., 1906-07. 

Sibley, R., V-P., 1921-23. 

Siegfried, Victor, V-P., 1948-50; D., 1950-54. 

Sinclair, C. T., V-P., 1939-41. 

*Sisson, C. E., V-P., 1929-31. 


1913-16; V-P., 1916-18, 


1893-96; V-P., 1896-98; 


-, 1901-03; 


V-P., 1901-03; 


Riper a M., 1915-19; V-P., 1919-20; P., 
Slichter, Walter L., M., 1918-22; V-P., 1922-24; 


Treas. 1930-. 
*Smith, Teena , 1920-24; V-P., 1924-26; P., 


-30. 
Smith, Walter Charles, V-P., 1941-48; D., 1945- 


Smith, W.R., D., 1942-46. 

*Smith, W. W., M., 1884-85. 

Sorensen, IRS W., V-P., 1933-85; D., 1986-40; P., 
1940-41 


*Spencer, Paul, M., 1906-09; V-P., 1909-11. 

*Sprague, Frank J., V-P., 1890-92; P., 1892-93. 

*Springer, F. W., V-P., 1921-23. 

*Sprong, S. D., M., 1909- 12; V-P., 1912-14. 

*Stanley, Wm., V- P., 1898-1900. 

Stein, I. Melville, V-P., 1937-39. 

*Steinmetz, Chas. P., M., 1892-95; V-P., 1896-98; 
1898-1901; P., 1901-02. 

*Stephens, C. E., D., 1928-33. 

Stevens, A. C., D., 1932-36; V-P., 1936-38. 

*Stevens, J. Franklin, M., 1912-15; V-P., 1915-17. 

*Stillwell, Lewis B., M., 1896-99; V-P., 1899-1901; 

P., 1909-10. 

Stine, Wilbur M., V-P., 1896-98. 

Stokes, Stanley, V-P., 1932-34. 

*Stone, Chas. W., M., 1908-11; V-P., 1911-13. 

Stone, E. C., D., 1925-29; V-P., 1929-31. 

*Storer, Norman W., M., 1911-14; V-P., 1914-16, 


1921-23. 
*Stott, Henry G., 1904-07; P., 1907-08. 
Strasbourger, Je Ai V-P., 1951-53. 


Sykes, Wilfred, M., 1917-21. 


Tapscott, R. H., D., 1930-34; V-P., 1934-36. 
Tarboux, J. G., V-P., 1950-52. 
Taylor, A. LeRoy, V-P., 1940-42. 
Taylor, John B., M., 1915-18; V-P., 1918-19. 
Terrell, C. F., V-P., 1946-48. 

*Terry, Chas. A., N., 1902-05; V-P., 1905-07. 
Terry, I. A., V-P., 1948. 

*Tesla, Nikola, V-P., 1892-94. 

*Thomas, B. F., M., 1885-87. 


Thomas, Percy H., M., 1907-10; V-P., 1910-12. 
Thompson, Edward P., M., 1887-88. 

*Thomson, Elihu, V-P., 1887-89; rage 1889-90. 
Thomson, is Ds V-P., 1939-4 

Timbie, W. H., V-P., 1934-36. 

*Townley, Calvert, M., 1905-08; V-P., 


*Townsend, Henry C., M., 1899-1902. 
*Trowbridge, Wm. P., M., 1884-86. 
Turner, A. L., V-P., 1939-41. 


1908-10; 


*Upton, Francis R., V-P., 1889-90; M., 1890-92. 
*Vail, Theo. N., M., 1884-86. 

*Vanderpoel, W. K., M., 1923-27. 

*Van Hoevenbergh, H., M., 1888-90. 

Veinott, C. G., V-P., 1949-51. 

*Vonsize, W. B., M., 1804 —97. 


*Wallace, Wm., V-P., 1893-95. 
Warner, R. G., D., 1940-44. 
Warner, R. W., V-P., 1944-46. 
Way, W.R., V-P., 1951-53. 

*Weaver, W. D., M., 1894-97; 
Webb, Herbert L., M., 


1891-94; 1897-1900. 
*Weston, Edward, M., 1884-87; P., 1888-89; 
V-P., 1889-91. 


*Wetzler, Jos., M., 1888-90; V-P., 1890-92. 

*Wheeler, Schuyler S., M., 1887-90; V-P., 1890- 
91; 1902-04; M., 1904-05; P., 1905-06. 

*White, Jas. G., M., 1904-07; V-P., 1907-09. 

Whiteheady*John B., M., 1924-28; P., 1933-34. 

*Wickenden, W. E., V-P., 1943-45; P., 
1945-46. 

*Williamson, R. B., M., 1921-25, 

*Wilson, A. M., V-P., 1933-35. 

*Wirt, Chas., M., 1892-95. 

*Wolcott, Townsend, M., 1902-05; V-P., 1905-07. 

Wolf, H. B., V-P., 1945-47. 

*Wood, Edwin D., VPs 1937-39. 

*Woodrow, H. Re D., 1931-35. 


Yerkes, E. P., D., 1946-50. 


1899-1902. 


Abbreviations: P., President; V-P., Vice-President; 

Secretary; Secy., Secretary; Hon. Secy., Honorary Secretary; Natl. Treas., 
Treasurer. 

* Deceased. 


M., Manager; D., Director; Natl. Secy., National 


National Treasurer; Tyeas., 


Honorary Members, 1884-1951 


*Sir William Preece..... 
*Norvin Green......... 
*Moses G. Farmer...... 
“Word Kelvin: cece ccie- 


FCyrusi Fields... secs 
*E. W. von Siemens 
*Andre E. Blondel 
*C. E. L. Brown.. 
*Emil A, Budde... 


*5/P) Thompson. .\...)... 
*Guglielmo Marconi.... 
*Oliver Heaviside...... 


Jolin VecCarty. ccis ci 
AVE eeu pitts crete) ariel 
*Ambrose Swasey...... 
*Elihu Thomson....... 
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RPS wean One uation 1884 *Charles F. Brush....... 

Motoji Shibusawa...... 
*Frank J. Sprague....... 
No bes (es6 ere 
*G. A. Hamilton........ 


. 1892 *Arthur E. enn 
1912 R. A. Millikan. . 


1928 * Deceased. 


Headquarters Staff 


33 West 39th Street, New York 18 


Secketaryqcterrecwtatie ves tae eee H. H. Henline 
Office secede and Business Manager of Publi- 

CALIONS A ereur ete stand A oc atatsiexea lait F. A. Norris 
Aerie: Cc. §. Rich 
C. Baxter Rowe 
Secretary, Technical Program Committee........ 

AERO LT ree 3 0 OPN Cor rae Edward C. Day 
Secretary, Board of Examiners and Standards 


Committee 59 ..2 28. &. J. J. Anderson, Jr. 
Technical Committee Activities..... R. S. Gardner 
Advertising Manager................- J. S. Lopes 


General Counsel 


Simon Presant...... 55 Liberty St., New York 5 


Officers and Committees 1951-1952 


omncre *E. W. Rice, Jr... 1933 

*Edward Weston.............- 1933 

BES CSO PW C00) ole er AWM uni earer cE OO EOD Beet 1937 

PATENT Ow anova einerete tease aceal cto crates nelaccieye 1937 

BY J oratsl ate etch ana ats ae neers 1914 #Cummings(C. Chesneyione as «eines cievie sss + LVSS 
Settee rnils rainy ei cxeroterets 1917 Andrew G. L. McNaughton...............1942 
Re on coronas 1918 FDiugaldl CosPaekSOMhse.s es) sisie wlecswlars che malas «fee LOSS: 
ig ajaseqenetvoitetay alana trite 1921 *Charles BE, Skingerm. ....2:6000 eee s eae on L945 
ROO Ao or nT Goo pe 1928 Gane Dianne sahioas tad acs ackias swap hdeto 
sOoobasmone occ aNOE 1928 *Kragk By Jewettsionic << cesins voteiestste te cce nk OSD 
RR PRE c oe outed 1928 Weamnevat BWilea oc avanle cv sso ainda’ oid cess oe L OSD 
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Sections i 


pe a Se TR - = = 


ee 


Membership . 
Name District Organized Aug. 1, 1951 Chairman Secretary Secretary’s Address 
Akron wcusrcesenisine snreinisis ee era UR Ley SO Nie sare Loo cin Ri Ey Millers ciety os soda Oy PAUSES an erecenprercren University of Akron, Akron 4, Ohio : 
Alabamaiincys. vessesan's Reus ae NAOy eae oe ven ks eee CM Ge T. S. Birdsong........ BE, G. Gentle, Jr........ Southern Bell Tel. & Tel. Co., Birmingham, Ala. ; 
Arizona... ss eevee eeeveee 8.... Mar, 22, 41..... 209) cows I. G. Jenkins, Jr.......K. V. Pletcher. ......+ General Electric Go., 303 Luhrs Tower, Phoenix, Ariz. 
Arkansas... ac cnedcucdcees Tacs AREs; Sop mM Lalslele ye eo ons ne R. J. Rhinehart...... Wh As: Bostinnen encom cscs Arkansas Power & Light Co., Searcy, Ark, 
Arrowhead......- eeveenes 5... Apr 23,747. ..05 SBS rants Roy B. Wiprud....... T. W. Holmetis. cies 4709 Gladstone St., Duluth 4, Minn, 
Beem On eee ne NG: Home Oey Mr aane Siiawraiet TG. Smalths ieee en's R. W. Sherwood.......Gulf States Utilities Go., Beaumont, Texas 
Bostons 0.5 scene Perc mlvihiaisiss slscitty, SRO Once USimentes: 1001.,....J. F. Archibald....... La Jo Weed chaste Boston Edison Go., 39 Boylston St., Boston 11, Mass. 
Ganitonatmcremecmatiankes Dn aVINOVs GS Op Netarants LOS Ren S, A. Langell cesses CG. J. Muckley,........5310 Hilltop Path, N. W., Canton 9, Ohio 
Central Illinois.........666 Bie MUNG Aosh OU he nr UGS ves J. F. Kruszka, oa CGURY SOhulte cies eines 2040 North 22nd St., Springfield, Tl. 4 oF 
Central Indiana..... SAASIK Drew JOMy LATA irewe OeGieisisres Ge As Wilson cee nice ai P. BoBwink. viens Indiana Bell ‘Telephone Co., Indianapolis, Ind. ; 
Ghicawol tes n. Seeeeetanws S930 enn rh acre W. M. Ballenger...... R. R. O’Connor....... Illinois Bell Telephone Co., 208 Ww. Washington St., Chicago 6, Ill. 
Cincinnati... AH CHE Og. CERoged Sheldon B, Storer... .. W. Av Partias i vce uct 111 Farragut Road, Greenhills, Cincinnati 18, Ohio 
Clevelandica cn cuaass osie tis Dien SeRtra ty: Ova cre 879% acne Gi To esllersnectuawenten Da SHAHeXs warts ‘e ae ee Telephone Co., 820 Superior Ave., N. W., Cleveland 
ly atte) 
Columbus. ics caciecy so civinie Diaists MLGNs 175 tees, vintciaina oO eaters GE. Warren. vsiccress A. (Py Jerencathes i. cic vvcayc 1597 Meadow Road, Columbus, Ohio 
Connecticut.......eeerces Ve em APO 1G, 721i oa GOlun wee Bi Genedoxton wean aaisie M. B. Sprague........The Southern New England Telephone Co., 227 Church St., 
New Haven 6, Conn, 
ig Clhrigthcnrcrastasives ele VA ee ea eh ee tbe BOO 
Soe eves Sciecals Wi eietotals Baer UDC SOAS cee a5 craats Ri OG. Dingle: ose si Lakh, Henry) <a can sate 118 Oakview Drive, Dayton 9, Ohio 
Menvervccacieisics nce cays Gens pNCOVn LS, Se aiyatt MTA iteink Evan R, Jones........ HB, BY Gidltind Sines a. Public Service Co. of Colorado, P. O. Box 840, Denver 1, Colo. 
East Tennessee.......6+++ Avisiy SEDs 2p POO ners Carnie By J. Bakers visi sissy « W. M. Stanley. .....4. Tennessee Valley Authority, 204 Power Bldg., Chattanooga 1, Tenn, 
leRaaO- tasasiel als rawness Dis petals i ght FO te wie Ti Gircnate Lee R. Hammond....R. E. Gnauck,........ 4310 Dover St, El Paso, Texas 
REXiG. cp. cisiwiv coietois-e siecle ateis YS Acren Cio BOAT Ss 192 cews GiB. Lewis, sos cues G. H, Ramandanes, ,,.103 East 35th St., Erie, Pa. 
Bloxidaiccestsieaateiisaence's oh JON pabs Toe wateen TSG wnans J. As Turner, Sro.3. 5 B. N, Darlington.....,.902 Peninsular St., Tampa, Fla, 
FortavVaynes vacances usisere ys Brame 14, "OShis aie 183i sams Re DinjonGsiinneetluss My Li. Millers ies acre 526 Dayton Ave., Fort Wayne, Ind. 
Georgiev sr saaienion nes 4... game 14080. s5 290). caton POR. eSters vneviesiea’s W. A. Hickéyfyr....... Southern States Equipment Corp., Hampton, Ga. 
FLOUStON ciewetnite inns aietaitiaiels hy hip SNR chee ate eK ETOH 29Gi oxi Wik ul VUsd civilians TAs Standish ii saan 2106 Swift, Houston 5, Texas 
Nlinois Valley... sss ese Diem UNC TGs toa vate SO ain ReMi Binge: cu ee R, H, Bonney....... . 2011 Isabell Ave., Peoria, TIL. 
LOWRsiuis sisteivionsiiesste s etnisia's 6. Src pUNO Ted eaat sleane 237.....J. E. Lagerstrom,..... F. E, Baird............Northwestern Bell Telephone Go., 816 Telephone Bldg., Des 
Moines, Lowa 
DthaGal i rancncan we aaieitects Tee et, 155 OR e ceorermetite S. W. Zimmerman... .E. F. Wood....... ....1715 Lovell Terrace, Elmira, N. Y. 
oansas GUY sy/ccrcanbaeisn Pennie 245 Loans S43 tec A, J. Nicholson....... ha. Gaus DA gerne sisfarererkic Westinghouse Electric Corp., 101 W, 11th St., Kansas City 6, Mo. 
Lehigh Valley.....c.01008 ZevcreApts 16, 22lce wan AGO vail hy neds eee Reh a ees W. CG. Seymour........Pennsylvania Power & Light Co,, 117 Bast Broad St., Hazelton, Pa. 
Dios ADRES sc cieeicecciele pins.411Oees say! LO 208 iets UGS 7s saran E, K, Sadler...... OSAS Wellis tite ares crate Pacific Tel, & Tel. Co., 740 South Olive St., Los Angeles 55, Calif. 
MACUISVALLG ss rsiare vielsisiate sisieieleia 40a wOote T5026) vate LOSS siete Wi. Gi Adaings cudvsit J. Ge Ltpai cas stesn nay Acme Contracting & Engg. Co., 120 Hillerest Ave., Louisville 6, Ky. 
MG Saw MOO MOOODU DED ILCO Lier AU Re Sesh nics ate Oe carted A. M, Bjontegard..... Bi Bey RORD ait met nisr sian General Electric Co,, 920 Western Ave., Lynn, Mass. 
Mixcison Serers.ccannletete winretnvan Sie Nue Aed pSy OD wa i LOO Rete AT) AA LOS wiyatara yale IN. La Schmite ny syniwerec University of Wisconsin, Madison 6, Wis. 
Mansfield) iii. /caneinn s cers Bitar aVLONi Os Oo wert TO Qe icp ky ic KAIOSON crvcinleiace oie ulokrs) CN CON e's Gee late ...P. O. Box 431, Mansfield, Ohio 
Maryland..... ROR aro rise sO.) LO, OR es 768 vsltintehioVY VAG RCOuNGNnib ns: Carl Watchorn........ 1611 Lexington Bldg., Baltimore 3, Md. 
Memphis csicisisle'le'v's is vwiaisiers 4... ..May 22,730) ou. LOO nares W. J. Fransioli, Jr.....V. EB. Mohler......... 519 Williamsburg, Memphis 11, Tenn. 
IMEKICG vareih ele eu c'ine to emtetts Vain JUDO LO aalstsiaiets 195 secs Gonzalo Fortoul,..... C. R. Arguelles...... ..Palma 33, Despacho 210, Mexico D, F., Mexico 
INATRION sa siaieisarelbslsiet oisiercis® Avr xe CDae Si A olstaruers 13 a reaate OWT AVS rent G, Oy Grannigcesces san 1230 N. W. 57th St., Miami, Fla. 
Michigan vscsnsactetas stele Pe Ae Ye UC pues 0 Ue deca O33 heirs BaD Baccus tian ss AW Pe Bugill, sissies ....Detroit Edison Co., 2000 Second Ave., Detroit 26, Mich. 
Milwaukee. icfciiersisistieres se RPC Fe ep Pee Ove nina 846..... C. P. Feldhausen..... BiG Bram c. sisisatsins .Allis-Chalmers Mfg. Co., Milwaukee 1, Wis. 
Minnesotan ines siinienreinsie erature te) te ial AR ce an AOU cates De Ba Germaine eric cnisen WNL eel ain eeteigral ein 4906—37th Ave., South, Minneapolis 17, Minn. 
Misalaatp pin ciccaes ses entante Ao. u. June 28, 7°51. cen Tenens WE. arp can seni x Sa EACOGIE NS sis cvin Daler General Elec. Co., 203 West Capitol St., Jackson 12, Miss, 
Morita vais .o'sic avis x aoinlete ars 9. June 24030 iss 125 ciniiic D. E, Kampschror.,..W. H. Blankmeyer.....The Montana Power Co,, Butte, Montana 
Montrealiestenercieiinciusiegs HORS Gc venten CAL Earng 6 BBG sean Jr Mo Shatpesiesinisi ss LeOiuRoyiaionmmalcnentne Quebec Hydro-Elec. Commission, 107 Graig St. West, Montreal, 
Que., Canada 
Nashvillegnavsa wr eicetaigihe Woy UMS 28. POs ne Seen Walter Criley. 0.55) J. M. Pinkerton. ...... Nest Electric Service, 605 Church St., Nashville, Tenn. 
Nebraska. . eM rel scone 4 WSs ric F, C, Clatterbaugh....A. G. Johnson........ .Omaha Public Power District, 936 Electric Bldg., Omaha, Nebr. 
New Orleansicencceccsse AAC. Ber os aee DT lanes J. R. Rombach, Jr....H. E. Pritchard, Jr.....5836 General Haig St., New Orleans 19, La. 
New Yorkinmasmanntsiercsisials te OCO OES aaa 5503 cae vi INGUD a USE elen crk Leland Stone........ . General Electric Co., 744 Broad St., Newark 2, N, J. 
Niagara Frontier sae RODe 1kO) A250 bias 299s a's x.) (ikea WN OOD cate raha s au TEs Re ARES Lin aialehsy chante 304 Bast & West Road, West Seneca 24, N. Y. 
Niagara International...... RU nS tO crete TOD arate J. A. Williamson...... J. A. Armstrong....... 1121/2 Geneva Ave., St, Catharines, Ont,, Canada 
North Carolina vas Mars 21929) as 1 929.054 BON IMENEO aes a aires W. G. Burnett...... ... Southern Bell Tel, & Tel, Co., 1701 Johnston Bldg., Charlotte, N.C, 
Northeastern Michigan.... 5....Feb. 1, 750..... OA FEO Aw BE, Stevens. ci vsiinet Jy Ee YOUNG. ic... ceses Consumers Power Co., 600 Federal Ave., Saginaw, Mich. 
Northern New Mexico. .... Tho ott Et Ca ett Bach Tinie A.D. Daylorine overs. Mis Woe MAVIB Is cc cere .. Sandia Corp., 919 No. Jefferson, Albuquerque, New Mexico 
North Texas: eae issis eM VLAY: LOy nee areal BEL Se aces BL W,, Rowers cvs aver, iP ear TB LG cy ove sib vaneety 1800 North Market St., Dallas, ‘Texas 
Oak Ridge\.oncimesiasie Pas Meecmens L504 ca ne AS hive E. W. Parrish... se: R. B. Somers,.........102 Norton Road, Oak Ridge, Tenn. 
Oklahoma City cn ciel cera Visio RCDs (16; 222. sisis0 eed suige ties Ventana emit Bryce Brady..........,Oklahoma Gas & Elec. Co., Oklahoma City, Okla. 
Ottaway. .i2. (enumerate TO iar pUne 255.7405 gran Si mont GC: Ri. Thorntonine cute, }) PO ANCG. cies vente 133 Russell Road, Overbrook, Ottawa, Canada 
Panhandle Plains.......... Whos tod phe en PARE len ae LT Listens H. P. Mathicu.....«..P. S. Sterrett......0.:5 Southwestern Public Service Co., Clovis, New Mexico 
Philadelphia... casuals « Zunes 18,703,016, 1700 ic H. H. Sheppard......W. F. Denkhaus....... Bell Telephone Co. of Pa., 1401 Arch St., Philadelphia, Pa. 
Pittsburgh Seles so Moraceae Lrshe Cty olds U2. eal 1290 waretare A. A. Johnson........ W. J. Lyman 435—6th Ave., Pittsburgh 19, Pa. 
Pittsfield... ss «scien oreiWreteiphere Die ar. 25304. 500 Oa etek W. E. Birchard....... W. A. MeMorris.......95 Strong Ave., Pittsfield, Mass. 
Portlanders sae eaoiere OD aRIMAY LO, 709%. BB4ivay ate Waldo Porter, Jr...... William G. Meyer. .... Westinghouse Electric Corp., 914 U. S. National Bank Bldg., 
L Portland 4, Oreg. 
Providence sia/0-u a ohelp igaeteteeatets ear Lat nWame 2 Q pvaitistel LO avattale G. BE, Andrews, Jr.....C. B. Leathers.........General Electric Co., 111 Westminster St., Providence, R. I. 
Richland) sc... cavitary Dita DE im ey AG arale nieielcGsfetatnne Rt CLOW carter state BE. Py Peabody... 0500. 1407 Thayer, Richland, Wash. 
Rochester HOMOME or coca: DOCG Oe Ata pet PAE icin Ju A. Gienger.ivds sien R. H. Rankin..... ....Eastman Kodak Co., Rochester, N. Y. 
Rock River Valleys. ccs ve Oss ADln) 235 (40 ne vie BZ Gs ks VainClaren tte lenin Van Wie Chimie ty enreargen Louis Allis Co., 121 °7th St., Rockford, Ill. 
Sacramento tides ssistaiviatelepette Satter UNS! 1550 reste 114,....A. B. Johnson...... . LP. Braun, .........Pacific Gas & Electric Go.,723 S Street, Sacramento 14, Calif. 
St. Louis in ie aint a eNeigieete giant eaeate 24) OS ics Golasa. R, Ny Slinger......+6 RC Fase! faces ae 1205 Telephone Bldg., St. Louis 1, Mo. 
San Diego. bas) n/atb/ ORR Bina lans eSB SD cae 189). tas O. L. Doolittle. ....., I. E. McDougal. ......7560 Olive Place, La Mesa, Calif. 
San Francisco,...0..0.0008 Orne. BeOR 04, se LGOd sonia W. F. Poynter... 500+. W. R. Johnson........ Pacific Gas & Elec. Co., 245 Market St., San Francisco, Calif. 
Schenectady.iis ststsitasiein Tans 26, *03 ievareie LOAT eran Nas ea Rae unannyinee C. C, Herskind...... . General Elec. Co,, Schenectady 5, N. Y. 
tig haa Oman. 19; hs iterate GOL wretch ly Howe.. Maree D, E, Edwards. .......9402—6th Ave., S. W., Seattle 6, Wash. 
aron.. Zien eoecn 11; 325 ithe. fle 210 arene M. M. Morisuye...... THA. Caseyivces dees . +. 1527 Penn Ave., Sharpsville, Pa. 
rachel sae ener NOGAD ANAT sate June 12, 47 aiaaats Pee aies E. D. Nuttall. seeeeaesW. CG. Morris, Jr.......388 Atlantic St., Shreveport, La. ad 
Pag ae ts Reatanih’ Siuieialets . ri scakeb. 26, ‘41 Rios T3Siccont H, R. Neighbours..... Jew. Leadbetter. + ++.+.314 Peashway St., South Bend 17, Ind, 
te Fees ete eens ep al a 40 eee UGG cnt C. Y. House........, G. L. Dibble......... .141 Meeting Street, Charlotte, S. GC. 
Plas gaa PO aah v++.May 23, 30, vous 228.0005 R.R. Krezdorn Print 8 Tec Smith. sean - +», 6101 Bull Greek Road, Austin, Texas 
ah = a Fetter een enes 9. cokebs 14, “13 aie 165 Sica R. M. Gilbert,....... Charles Uhden........ West 303 Joseph Ave., Spokane 12, Wash. 
Ache’ Cld see eee seeeeees 1....June 29, 22 Pit crc’ 14S evade R. H. Walker. ....... D. L. Ross..........++.Westinghouse Elec. Corp., 26 Vernon St., Springfield 3, Mass. 
ae Wiig iciate SQudaohades a rea AUge da, °20. Faletey OLD eames Gaffney. OHO DD Aodiy Glark<. canines 202 Carleton Drive, Syracuse 3, N. Y. 
Tr, * Thee reece eee eens see -June 3, A epuraeye UST ES 6. fei Dir) ACOZE action wane ee Cloer, Jr... ......2723 Eldora Drive, Toledo 13, Ohio 
OLORtOnes saiohit es seveeeee 10... Sept. 30, 03,.... 717.....H. R, Osborne..,....J. T. Fisher.......... Bell Telephone Co. of Canada, Ltd., 76 Adelaide St. West, 
TriState a ] 98. 954 63 Gs Toronto 1, Ont., Canada ; \ 
i ae att Rs istere a ‘June Pappa ey. Rona rd af a eRe tial «++. Jack Steelman, Jr......2010 Enslow Blvd., Huntington 1, W. Va. : 
wipe eens uate © es se De a aa pia Ws lumer Bact ... Harold Furtney. +++++..Wagner Elec. Corp., 303 Tuloma Bldg., Tulsa 3, Okla. 
ee ee ccnasagss =" Ae ar. PAHs apy BEaTU A. Radford. sseeeeeL, D, Harris. ......,..1738 Logan Ave., Salt Lake Gity, Utah bes 
Maeatn vleaye rete Aug Lars ie ZOZiaiee iS. OM thse 6re ++++-H, M, Shockley.......,Canadian General Electric Co., Ltd., 1065 West Pender St., 
ie 3 : Vancouver, B. C., Canada 
aie Uy Ra ROOD A ...May my eS Rian en rtsrightt ie B. Liverman steric tee L. D. Johnson, IIT,....R. F, D. 7, Box 201, Richmond, Va. 
eee oR a pee byPge va epee ae a nie vals sere Ede Ae Clarkesaives + «+ . Appalachian Electric Power Co., Roanoke, Va. 
ee vere \odtndod oar BAR Hpi nam vate Nee cutt.......W. J. Ellenberger,.....6419 Barnaby St., N. W., Washington 15, D, G. i 
Net ee tes tae 5 een per re et mame soe anna Vodar, Jr........4614 Noyes Ave., S. E., Charleston, W. Va. , 
Mae eaivararere ae on 5 tO opine eee erwyn Brewer,...... OLR. Hantla. ++seeee.Kansas Gas & Elec. Co., Box 208, Wichita, Kansas 7 
MD eibejele a eisietnreles Liars sheben AageeOnrin LOS ithe G. R. Blake...... sais roel wae LLLMistatngreretetnvettrets New England Power Service Co., 66 Faraday St., Worcester, Mass, 


Total Sections. .... Nisrasat tet 


Subsections 


Name Chairman Secretary Secretary’s Address 
Baton Rouge (New Orleans Section)..............00005 BiB Reeves icc sicisieslos e's W. S. Syrett..........1366 Stephens Ave., Baton Rouge 15, La. 
Billings; (Montana Section) ....002..ceeseccccesvcseces GIB Browne .iidcicuelsieciness H. B. Campbell....... .914 Yale Avenue, Billings, Mont. 
Binghamton Area (Ithaca Section)............00000000e Pacha sk CCePsOM ane dereiste eat iris Coy Ratelinsieecieinecs 209 West Edward St., Endicott, N. Y. 
Black Hills (Denver Section) .......0ccccsseccveesessin CN TSO GIS havete claveteleie eis evare E. R. Shields,......... Homestake Mining Co., Lead, S. Dak. 
BATIMEH MUA SOCUON) 6 oie 6 siicteya «: 51% 0.4.0 viv 5 di0ie ac6'0 u've. 0eiecaierereis 
Boulder City (Los Angeles Section). ............0-+00: EA sata crersinieyere streial= BiG Seunseliamtsysiistarn = 717 New Mexico, Boulder City, Nevada 
Casper,\Wyo. (Denver Section)............00eeeeeenees W. D. Lawrence, Jr....... W. H. Keating........ Box 340, Casper, Wyo. 
Central Texas (North Texas Section)...........00000005 CS BLO RTARY ois as sisi nan’ cits Lee Montgomery 2621 Lyle, Waco, Texas 
Centre County (Pittsburgh Section)..............0ee008 Pa OO Eaaaie acime eae a4 D.S. Pearson.......... Pennsylvania State College, State College, Pa. 


Charleston (South Carolina Section) 
Charlotte (North Carolina Section) 
Columbia (South Carolina Section).............02+e005 J. F. Rader, Jr. 
Eastern Shore (Maryland Section) 
Eureka Division (San Francisco Section) 
Fort Worth (North Texas Section) 
Fox River Valley (Milwaukee Section) 
Freeport (Houston Section) 
Fresno Division (San Francisco Section) 
Great Falls (Montana Section) 
Hamilton (Toronto Section) 
Hampton Roads (Virginia Section) 
Hawaii (San Francisco Section) 
Hudson Valley Division (New York Section) 
Jobnstown (Pittsburgh Section) 
Lake Charles (Beaumont Section). 

Lancaster-York (Maryland Section) 
Tama (Dayton Section)....6......cceeeeccccesceneeees 
Mid-State (North Carolina Section) 
Mobile-Pensacola (Alabama Section) 
Muscle Shoals (East Tennessee) 
New Hampshire (Boston Section) 
New Jersey Division (New York Section).............+- 


dnescatearccracnanas G. T. Strailman 


J. L. Blackburn 


We CBP ORE os pets sian ofeus C. E. Harris 


aaesbisielers EL GS Eidson; Jr... 2. « « 


iotoocestosecoyLuacod McCoy A. Tall...........E. S. Mortimer........ 
fain arayarctsterauntens (coats IMD McLellan icnlares'ssfsibs 2 MOIS ani. eis\es.sicie' 

Rio earceniattla sataliietctaarittre Karl Ratliff...... 
sreiiedahatevaleeatelant aieCouses TASER BLOWN sessile hl eiereieis/eia Gul. ,,ODNSOD./e)0't has a 
Sain eralajale o'syaieia-aselein e(e-ajece'e aveiata R. T. Windecker.........B. S. Kirkpatrick, Jr... 
Siete wisietaieinin tit vors Ge ERaVOOn veriiap seminal eis AVION. Nersiel sissies 

eile aceaet salar ety inte lekeie oleh cis tute D. Sandell....... 


edt yc SOROS BOLO Oda pe Ona H. W. Macpherson 


L. G. Stopps 
L. E. Rhinesmith...... 


ASG, Smith. cosas. ces 


Sake etinees Duke Power Co., Box 2178, Charlotte 1, N. C. 

Radio Station W.I.S., 1111 Bull St., Columbia 1, S. C. 

Mt. Hermon Road, Salisbury, Md. 

Pacific Gas & Elec. Co., 318—5th St., Eureka, Calif. 

Sal eeerereiens B. B. Hulsey, Jr........Texas Elec, Service Co., Box 970, Fort Worth 1, Texas 

128 Lincoln Circle, Kohler, Wis. 

.431 Center Way, Lake Jackson, Texas 

1050 Poplar Ave., Fresno 4, Calif. 

Salelexeniaiy William Sanders.......Anaconda Copper Mining Co., Great Falls, Mont. 
Canadian Westinghouse Co., Ltd., Hamilton, Ont., Canada 
1119 East Warwick Road, R. D. 1, Box 35, Hilton Village, Va. 
Hawaiian Pineapple Co., Ltd., Honolulu, Hawaii 
Central Hudson Gas & Elec, Corp., Poughkeepsie, N. Y. 
Pennsylvania Elec. Co., Johnstown, Pa. 

Mathieson Chemical Corp., Lake Charles, La. 


Westinghouse Elec. Corp., Lima, Ohio 
HOCISENG Western Electric Co,, Dept. 8140, Winston-Salem, N, C, 
Alabama Power Co., 68 St. Francis St., Mobile 11, Ala. 


Sacre pon ary SEECO eos ae Herhert Heinrich. .......<-JOha A. Ray ise. esa: 
Sdun ie sthisitet Brig V AQUI cmarpliae sei iteigis pW ate VOMGUe sei sinters he's 
alasteistaniinys}aiel ofol stalarestacatayers R.S. Bowar,. 02.0. .000+.00G W. Murdock....... 
adil ace Ve! a gietnin 8c alec S. L. Adams A Be ee el a Gono 
aiiinie 7 aise erarsiaeee reeds G. E. Conn, Jr............K. J. Granbois........Road 2, Conestoga, Pa. 
Chl y lychee S6RGeodud BicS, Reed: svn seis 
Siainianatce dake tle L. L. Browning, Jr........H. M. Jackson, IT 
Fale’ tered wssrolw's sere’ Wisi SOGE WEN re gis, 0.0/ + araia Rev Eas; PYIGEY 5 a sce aca cei 
viele eceiaiacepe tile a(eleisialslaselnetate-als E, B, Foster 
ae ciegatsetaretelareleraleysa nimi etre POWs BURtON sane sicvc esp sk TOO AUS, «i )esrasiesisle 


Public Service Co, of N. H., 205 Main St., Nashua, N. H. 
.Weston Electrical Instrument Corp., 614 Frelinghuysen Ave., 
Stanley Engineering Co., Hershey Bldg., Muscatine, lowa 


2110 Second Ave. West, Grand Forks, N, Dak. 


Cornwall St. Ry. Lt. & Pr. Co,, Ltd., 16 Second St. East, Corn- 
Northern Electric Co., Ltd., 2620 Notre Dame St., Three Rivers, 
Westinghouse Elec. Corp., Sunnyvale, Calif. 

Union Bag & Paper Corp., Savannah, Ga, 

Pacific Gas & Elec. Co., 301 Main St., Chico, Calif. 

City of Tacoma Light Div., Tacoma, Wash. 


747 Lampson St., Esquimalt, B. C., Canada 


Newark 5, N. J. 
Northwest Arkansas (Arkansas Section)..............5+: Re ee AMGErdOmiisets a cn ae Be iee) FALL O s cvetalatp cal ecd 411 Rebecca St., Fayetteville, Ark. 
Quad-Cities (Iowa Section)...........ccccccccescccues A. W. Kremser<........3- GUPSEbeR ee oer 
Racine-Kenosha (Milwaukee Section).............+0055 GOB Lee saicjeveleieisiere crn viais ¢ J.B. Winther....¢..:.... Dynamatic Corp., Kenosha, Wis. 
Red River Valley Division (Minnesota Section)........., Robert Faiman........... K. B. MacKichan.,.... 
Richmond (Virginia Section). ...........ccccerccecees C. E. McMurdo.......... Be Nu Ricesisc ccc ccm P. O. Box 1194, Richmond, Va. 
PEA VACEEEGL SCCTOD) 0s. ..4) piale'e siais c.asisieiaysis 00 8c. oe eaie.s Or Fy MGGIONIBs 5.0 sass) ves) F2. SCHOHCIAED. 5 csc 50 « Smith St., R. D. #1, Ridgway, Pa. 
St. Lawrence International (Syracuse Section)........... IN CO IROGSS crarpia's are eiue ater 8) GCyloBacon: cv uisiesias 

wall, Ont., Canada 
St. Maurice Valley (Montreal Section)..........e+-0005 M. T. Ferguson........... SJin BBs Sima psOni ieee’ sicaarei 

Que., Canada 

San Jose (San Francisco Section)............0.eeeeeees A Bo GOWG a ass aisie.eie, cievormeie pot Welllavicss caravans 
Savannah (Georgia Section). ..........secsescreencers Ye) Coxe SFOWR « wietelave ova. nien 9638 ee Walshiccy cents 
Shasta Division (San Francisco Section)..............+: TN Ny (CENT SOE Sait fe enter GiR. Machen siicccsie os 
Macorma(Scathe SECtOn)|, 5.5. ....ce0cccccressseessace Jae MIST DSEY. eieleieictsie 51018 E. E. Martin.......... 
Wamipa(Plomda Section)... 0%). cc ecsecsrsscccveccces 
Vancouver Island (Vancouver Section).............+4+5 AP Eka ELOGIOY setaleraduiaisiace ats GP. Bs MEW ae eielats: sheieletaa 
West Central Texas Division (North Texas Section)...... M. E. Mullings........... GAAS Glovétccc sive nines 1926 Sycamore St., Abilene, Texas 


West Michigan (Michigan Section) 
Wilmington (Philadelphia Section)..............0+200 J. M. Rowe 


Zanesville (Columbus Section). ..........00eeeeeee eens R. W. Squibb.... 


Norman MacMillan....... 
Seb OAS R. E. Seddon 


L. A. Zahorsky........ 


127 Colfax St. N. E., Grand Rapids, Mich. 
E. I. du Pont de Nemours & Co., Wilmington, Del. 
areata J. M. Audi............434 Sunkel Ave., Zanesville, Ohio 


Geographical District Executive Committees 


wo FO Wf. WV NC ee 


— 
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Chairman Secretary Chairman, District Committee on 
District (Vice-President, AIEE) (District Secretary) Student Activities 
North Eastern..... J. G. Tarboux, Cornell University, Ithaca, N. Y.....E. B. Alexander, New York State Elec. & Gas....W. H. Erickson, Cornell University, Ithaca» 
Corp., 62 Henry St., Binghamton, N. Y, NY: 
Middle Eastern. ...J. C. Strasbourger, Cleveland Elec. Illuminating....J. L. Fuller, Reliance Elec. & Engg. Co., 1088....K. A. Fegley, University of Pennsylvania, 200 


New York City....C. S. Purnell, Westinghouse Electric Corp., 40... 


Bouthern.... 2.5.0 E. S. Lammers, Jr., Westinghouse Electric Corp.,.. 


Great Lakes....... 
North Central..... 
South West....... 
BCE sina wine oie ses. 
North West........ 


GWanada....ccieses 


Co., 75 Public Square, Cleveland 1, Ohio 
Wall St., New York 5, N. Y. 


1299 Northside Drive, N. W., Atlanta, Ga. 


J. R. North, Commonwealth Services, Inc., 7... 


Hayes St., Jackson, Mich. 


F, W. Norris, University of Nebraska, Lincoln,... 


Nebr. 


-H. R. Fritz, Southwestern Bell Tel. Co., 2502... 


Telephone Bldg., St. Louis 1, Mo, 


N. M. Lovell, Tucson Gas, Elec. Light & Power... 


Co., Tucson, Ariz, 


J. A. McDonald, General Electric Co., 200 So.... 


Main St., Salt Lake City, Utah 


Ivanhoe Road, Cleveland 10, Ohio 


.D. W. Taylor, Public Service Elec. & Gas Co., 


80 Park Place, Newark 1, N. J. 


.C. P. Almon, Jr., Tennessee Valley Authority,... 


707 Power Bldg., Chattanooga 2, Tenn, 


-G. M. Chute, General Electric Co., 700 An-... 


toinette St., Detroit 2, Mich. 


-Q. L. Bonness, University of Nebraska, Lincoln, 


8, Nebr. 


315 No. 12th Blvd., St. Louis 1, Mo. 


. Fred Mahler, P. O. Drawer 869, Phoenix, Ariz. ... 


899, Salt Lake City 10, Utah 


W. R. Way, Shawinigan Water & Power Co.,,...L. K. Hart, Square D Co. of Canada, Ltd., 5012 


600 Dorchester St., West, Montreal 2, Que., 
Canada 


Western Ave., Montreal 28, Que., Canada 


.R. C. Meyerand, Union Elec. Co. of Missouri,.... 


.F. O. Wald, Utah Power & Light Co., P, O. Box.... 


S. 33rd St., Philadelphia, Pa. 
R. T. Weil, Jr., Manhattan College, New 
York 63, N, Y. 


.D. H. Vliet, Tulane University, New Orleans 


15, La. 


.E, A. Reid, University of Illinois, Urbana, III. 


S. I. Pearson, University of Colorado, Boulder, 
Colo, 

P. M. Honnell, Washington University, St. 
Louis, Mo. 


.J. C. Clark, University of Arizona, Tucson, 


Ariz. 
L. N. Stone, Oregon State College, Corvallis, 
Oreg. 


Note: Each District Executive Committee includes also the chairman and one other officer (selected by the Section’s executive committee) of each Section within the District, the 
District Vice-Chairman of the AIEE Membership Committee, and a member of the Sections Committee who is resident in the District. 
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Student Branches 


Counselor Counselor 

Name and Location District (Member of Faculty) Name and Location District (Member of Faculty) 
*Akron, University of, Akron, Ohio..... Sean aech nooner 2...K. F. Sibila Newark College of Engineering, Newark, N. J.......-- 3...Robert E. Anderson 
Alabama Polytechnic Institute, Auburn.......-+.+.++ 4...James Chadwick *New Hampshire, University of, Durham............+ . 1...John B. Hraba 
Alabama, University of, University..........0.000005 4...W. F. Gray *New Mexico College of A & M Arts, State College.... 7...C. D. Crosno 
*Alberta, University of, Edmonton, Canada............10... *New Mexico, University of, Albuquerque......... eareiall Psat tara 
*Arizona, University of, Tucson.......... se sever eres 8...J. CG. Clark New York, College of the City of, New York.......... 3...Harold Wolf 
Arkansas, University of, Fayetteville... ............005 7... Ross Lanier *New York University, New York........+.+.+.-0005 - 3...B. James Ley iS 
*British Columbia, University of, Vancouver, Canada... 9...S. C. Morgan North Carolina State College, Raleigh............. .. 4...A. R, Eckels 
Brooklyn, Polytechnic Institute of, Brooklyn, N. Y., North Dakota Agricultural College, Fargo............ 5...E. M. Anderson 

(Day)ic cv ccdccrsoaire tic nahin an nia Memon ent 3...F. A. Wahlers *North Dakota, University of, Grand Forks............ 5...Raymond A. Berg 

Brooklyn, Polytechnic Institute of, Brooklyn, N.Y., *Northeastern University, Boston, Mass........ RS ere 1...Roland G. Porter 

(Evening) nesta ofc ene coe coeaahoebiece oan cTemel ats 3.,.Anthony B. Giordano *Northwestern University, Evanston, Ill................ 5...A. H, Wing 

Brown University, Providence, R. I........-+.00. eens 1...M. F. Gordon Norwich University, Northfield, Vt..............s0005 1...D. B. Staake 
*Bucknell University, Lewisburg, Pa.. dissents Casha eawee DUeHeL, ars *Notre Dame, University of, Notre Dame, Ind.......... 5...L. F. Stauder 
California Institute of Technology, Pasadena.. CeRD acts: 8...Gilbert D. McCann Ohio Northern University, Ada..........eseseeeeeee 2.,.James Klingenberger 
*California, University of, Berkeley...............0005 8,..R. M. Saunders *Ohio State University, Columbus..........:.+0++e0+ 2...F. C. Weimer 
*Carnegie Institute of Technology, Pittsburgh, Pa....... 2..,.George H, Royer "Ohio University, Athens. vis tcf ccicnie ve tae wlateeininn 2...D. B. Green 
Case Institute of Technology, Cleveland, Ohio........ 2...Rollin W. Waite *Oklahoma A & M College, Stillwater............054+ 7...David L. Johnson 
Catholic University of America, Washington, D. C..... 2...Joseph C. Michalowicz *Oklahoma, University of, Norman..........++++000++ 7...J. Bruce Wiley 
Cincinnati, University of, Cincinnati, Ohio........... 2...A. C, Herweh *Oregon State College, Corvallis.............22+-005- 9...L. N. Stone 
Clarkson College of Technology, Potsdam, N. Y....... 1... J. P. McCormick *Pennsylvania State College, State College Sta iaistet 2...A. P. Powell 
Clemson A & M College, Clemson, S. C ...F. T. Tingley *Pennsylvania, University of, Philadelphia............. 2...Kenneth A, Fegley 
Colorado A & M College, Fort Collins. . ..C. C, Britton Pittsburgh, University of, Pittsburgh...............+. 2...R. C, Gorham 
*Colorado, University of, Boulder...........+seeeeeee ...S. I, Pearson "Pratt IfsGtute, Brooklyn, N. Yo. saci cece ea eecess 3...David Vitrogan 
*Columbia University, New York, N. Y......050-.00008 . Walter A. LaPierre *Princeton University, Princeton, N. J.......-...0++0+- 2...C. H. Willis 
*Connecticut, University of, Storrs..........6.00000 ene 1... Howard L, Heydt Puerto Rico, University of, Mayaguez...........-+00- 3...Jose Luis Garcia de 
*Cooper Union, New York, N, Y... 3...E. W. Starr Quevedo 
*Cornell University, Ithaca, N. Y... 1...W. H. Erickson Purdue University, Lafayette, Ind............00eeeeee 5...Stephen Freeman, Jr. 
*Delaware, University of, Newark 2...H.S. Bueche “Rensselaer Polytechnic Institute, Troy, N. Y. 1...E. D. Broadwell 
*Denver, University of, Denver, Colo... 6...A. M. Stiles “Rhode Island, University of, Kingston........ 1...Robert S. Haas 
*Detroit, University of, Detroit, Mich........... 5,..Guido Ferrara Rice Institute, Houston, Texas 7...J.S. Waters 
*Drexel Institute of Technology, Philadelphia, Pa..... .. 2...F. C, Powell Rose Polytechnic Institute, Terre Haute, Ind.......... 5...R. D. Strum 
Duke University, Durham, N. C.......... 0000s eee eee 4... Otto Meier, Jr. *Rutgers University, New Brunswick, N. J..........+.+ 3...P. S. Creager 

Fenn College, Cleveland, Ohio...........00eeeereeee 2...R. W. Schindler Santa Clara, University of, Santa Clara, Calif......... 8...Henry P. Nettesheim 
*Florida, University of, Gainesville...............000. 4...P. H. Nelson South Carolina, University of, Columbia............. 4...J. H. Noland, Jr. 
George Washington University, Washington, D, C..... 2...Jerome S. Antel, Jr. South Dakota School of Mines and Technology, 

Georgia Institute of Technology, Atlanta............. 4...H. B. Duling Rapid Citys jaacias acom-araete sn clermiaalptsta ren ays miarararatsters 6...J. O. Kammerman 
Harvard University, Cambridge, Mass................ 1...Kenneth Johansen South Dakota State College, Brookings........... .... 5...John N, Cheadle 
Howard University, Washington, D. C. 2...E. R. Welch *Southern California, University of, Los Angeles........ 8...Rodney C. Lewis 

Idaho, University of, Moscow.........sceseceeeeeens 9... J. Hugo Johnson *Southern Methodist University, Dallas, Texas......... 7...F. W. Tatum 

Illinois Institute of Technology, Chicago. . As eer Dix tay ky Bs Gross *Stanford University, Stanford, Calif................. . 8...W. G, Hoover 
*Illinois, University of, Urbana, and Chicago Division) Stevens Institute of Technology, Hoboken, N. .... 3,,.William L. Sullivan 

GIG a wal sarereente ntcvecadote severe es Ciareleieteca/enter eed te eiatays ate 5...E. A. Reid Swarthmore College, Swarthmore, Pa......... . 2...R. W. Merriam 
Plowastate: Collegey a mies uiratarartarsteterstatsinisiatatertrs shai 5...G, A. Richardson *Syracuse University, Syracuse, N. Y.......+..+-+-ees . 1... Edward E, Shelton 

Iowa, University of, lowa City.........0.eeeeeeeeeee 5...E. B, Kurtz Tennessee, University of, Knoxville......... 4...W. O. Leffell 
*Johns Hopkins University, Baltimore, Md............. 2...John M. Kopper *Texas, A & M College of, College Station... 7...N. F. Rode 
Kansas State College, Manhattan....... sfeteterciaistels Uivre 7...Earl L. Sitz *Texas Technological College, Lubbock............... 7...V. D. Wade 
“Kansas, University of, Lawrence..... miarerce afetyiais(asehnys faye 7...W. P. Smith *Texas, University of, Austin, and Texas Western 

Kentucky, University of, Lexington.................- 4...Gustavus E. Smith College Sub-Branch, El Paso..........00seeeereere 7...William J. McKune 
“Lafayette College, Easton, Pasise isin ceveesegises ccs Sasa ps iGy Relmyder *Toledo, University of, Toledo, Ohio....... Soc tiny, % 2...Tsute Yang 

Lehigh University, Bethlehem, Pa.................... 2...H. T. MacFarland Toronto, University of, Toronto, Ont., Canada........10... 

Louisiana Polytechnic Institute, Ruston ante asa mele 7...8. P. Gullatt, Jr. "Tufts College, Medford, Mass. 03.005 sc00c sisine aeniea 1...J. L. Warner 
“Louisiana State University, Baton Rouge...........-. 4..,A. K. Ramsey *Tulane University, New Orleans, La........... Rodace 4...D. H. Vliet 
Loutsville, University of, Louisville, Ky.............. 4...Thomas R. Bailey Union College, Schenectady, N. Y.........--020eeeee 1...Owen G, Owens 
s Maine; University of, Orono,..... ie 1,..P. M. Seal United States Naval Academy, Annapolis, Md......... 2...D,. G. Howard 
pvanoeiad College, New York, N. Y.. R. T. Weil, Jr. *Utah, University of, Salt Lake City............0.0005 9...Seymour B. Hammond 
*Marquette University, Milwaukee, Wikencicininrs cncare ans eD cir. We BES Vanderbilt University, Nashville, Tenn............... 4...Walter Criley 
;Maryland, University of, College Park. (isnereeiure ioe 2,..L. J. Hodgins Vermont, University of, Burlington...............00. 1...R. F. Mosher 

Massachusetts Institute of Technology, Cambridge..... 1...Alexander Kusko Villanova College, Villanova, Pa.........eeeeeeeeeeee 2...John B. Clothier 
Massachusetts, University of, Amherst niajatele sgt otic rolere 1...N. E. Wilson Virginia Military Institute, Lexington, Va............. 4...J. S. Jamison 

Michigan College of Mining and Technology, Virginia Polytechnic Institute, Blacksburg............ 4... Claudius Lee 
en SEM alviaye vik miner ue teen eee es 5...G. W. Swenson *Virginia, University of, Charlottesville............... 4...G. K. Carter 
*Michigan State College, East Lansing................ 5...Thomas W. Culpepper Washington, State College of, Pullman.............. . 9...O0. E, Osburn 

Michigan, University of, Ann Arbor. . Fire OAPOTT PAE 5...John J. Carey *Washington, University of, Seattle.............++5005 9...H. M. Rustebakke 
Sees Snir papneing, sia Wis.... 5...R. J. Ungrodt : Washington University, St. Louis, Mo......... Rieti iseeaere 7...Pierre M. Honnell 
oe he ey ol oe ieee ed sth gta Geli clea 5...Paul A. Cartwright *Wayne University, Detrolt; Michisicisire oiiesccrsatasitas 5...Edward L., Fairchild 
emai Ata pee rie () ve Waltielotaiete sete AO aean bss Jacobs, Jr. West Virginia University, Morgantown......+.+...+++ 2...Everette C, Dubbe 
pene cated rohan ae MIGVs ROMA ess vais 7...J. W. Rittenhouse Wisconsin, University of, Madison...........++0005 .. 5...John Baird 
eee eae sl vy of sae EBinwlers-stemicaletatere Kstaraters Tia os Vs Lago , *Worcester Polytechnic Institute, Worcester, Mass..... 1...D. GC. Alexander 
deceit tec 14 ; 4 Z “ts Pr re aie siiieit ovareiara and 9...E. W. Schilling “Wyoming, University of, Laramie.... ! Shite akivivies ts 6...R, K. Beach 

ska, U1 rsity of, Lincoln. .....++..seeeeeseee 6...E. J. Ballard, Jr. “Yale University, New Haven, Conn,........-.se0e00s 1...R. R. Shank 
Nevada, University of, Reno.......... Fonheacande act 8...Harold J. Hendriks Total Branches.s.iis.ecs oe cea 133 


*Joint AIEE-IRE Branches. 
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Officers and Committees 1951-1952 


AIEE TRANSACTIONS 


Committees and Representatives for 


General 


Committees 


Executive 


{ 
F. 0. McMillan, Chairman; Oregon State 
College, Corvallis, Oreg. 


W. J. Barrett Newark, N. J. 
J. F. airman New York, N. Y. 
T. G, LeClair Chicago, III. 
J. R. North Jackson, Mich. 
C. S. Purnell New York, N. Y. 


W. I. Slichter New York, N. Y. 


Board of Examiners 


P. H. Adams, Chairman; Public Service 
Electric and Gas Company, 80 Park 
Place, Newark 1, N. J. 

Jobn J. Anderson, Jr., Secretary 

AIEE Headquarters 


A. E, Anderson Philadelphia, Pa. 


R. W. Atkinson Bayonne, N. J. 
R. H, Barclay New York, N. Y. 
J. L. Callahan New York, N. Y. 
W. G. Claytor New York, N. Y. 
BH. A. Dambly Philadelphia, Pa. 
A. S. Dana Seymour, Conn, 
E. W. Davis Cambridge, Mass. 
E. D. Doyle Philadelphia, Pa. 
F. M. Feiker Washington, D. C, 
C. W. Franklin New York, N. Y. 
W. N. Goodwin, Jr. Newark, N, J. 
S. B. Griscom East Pittsburgh, Pa. 
R. A, Heising New York, N. Y. 
N. S. Hibshman Brooklyn, N. Y. 
L, F. Hickernell 


Hastings-on-Hudson, N, Y. 


Lee H. Hill New York, N. Y. 
J. W. Horton New London, Conn. 
H. FE. Ives New York, N. Y. 
A. E. Knowlton Short Beach, Conn. 
G. H. Landis Poughkeepsie, N. Y. 
Henry Logan New York, N. Y. 
J. B. MacLean New York, N. Y. 
E. E. Mayer New Rochelle, N. Y. 
L. G. Pacent New York, N. Y. 
F, J. Scudder Manhasset, N. Y. 
B. E. Shackelford New York, N. Y. 


H. W. Tenney Jersey City, N. J. 
Gordon Thompson New York, N. Y. 
Robert Treat Schenectady, N. Y. 


H. M. Trueblood 
B. Van Ness, Jr. 
R, G. Warner 

S. S. Watkins 
Roland Whitehurst 
Sidney Withington 


Dobbs Ferry, N. Y. 
Baltimore, Md. 
New Haven, Conn, 
New York, N. Y. 
Philadelphia, Pa. 
New Haven, Conn, 


Constitution and Bylaws 


F. R. Benedict, Chairman; Westinghouse 
Electric Corporation, 306 Fourth 
Ave., P. O, Box 1017, Pittsburgh 30, 
Pa. 

N. B. Hinson 

W. W. Lewis 

W. S. Peterson 


South Pasadena, Calif. 
Schenectady, N. Y. 
Los Angeles, Calif. 


Finance 


W. J. Barrett, Chairman; New Jersey Bell 
Telephone Company, Engineering 
Department, Room 905, 540 Broad 
Street, Newark 2, N. J. 

M. D. Hooven Newark, N. J. 

Cc. S. Purnell New York, N. Y. 


Headquarters 


D. W. Taylor, Chairman; Public Service 
Electric and Gas Company, 80 Park 
Place, Newark 1, N, J. 

W. J. Barrett 

H. H. Henline 


Members-for-Life Fund 


Mark Eldredge, Chairman; 2110 Spencer 
Road, Silver Spring, Md. 


Newark, N. J. 
New York, N, Y, 


Cc. L. Dawes Cambridge, Mass. 
N. E. Funk Philadelphia, Pa. 
A.H. Hull Toronto, Ontario, Canada 


(Continued in next column) 
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L. N. McClellan Denver, Colo, 
S. H. Mortensen Milwaukee, Wis. 
W. I. Slichter New York, N. Y. 
R. W. Sorensen Pasadena, Calif. 
F. C, Weiss Birmingham, Ala. 
Membership 


J. CG. Woods, Chairman; Commonwealth 
Edison Company, 72 West Adams 
Street, Chicago 90, Ill. 

Charles Clos, Vice-Chairman 

New York, N. Y. 


M., J. Adams Chicago, Ill. 
W. C. Bloomquist Schenectady, N. Y. 
G. W. Cross New York, N. Y. 
C. W. Fick Cleveland, Ohio 


W. R. Horrigan 
C. R. Kingsbury 
J. L. McKinley 

E. W. Morris Los Angeles, Calif 
Russell Ranson Charlotte, N. C. 
C, L. Roach Montreal, Quebec, Canada 


Amarillo, Tex. 
Seattle, Wash. 
Denver, Colo. 


W. E. Scholz Philadelphia, Pa. 

District Vice-Chairmen 
1 R.K. Fairley Schenectady, N. Y. 
2 W. A. Dynes Dayton, Ohio 
3. M.A. Jones Newark, N. J. 
4 E.R. Coulbourn Birmingham, Ala. 
5 H.R. Heckendorn Chicago, III. 
6 R. W. Shaw Omaha, Nebr. 
7 R.G. Kloeffler Manhattan, Kans. 
8 G.B. Kenline San Diego, Calif. 
9 H. B. Hodgins Salt Lake City, Utah 

10 M. C. Thurling 


Toronto, Ontario, Canada 


Planning and 
Co-ordination 
M. D. Hooven, Chairman; Public Service 


Electric and Gas Company, 80 Park 
Place, Newark 1, N. J. 


W. J. Barrett Newark, N. J. 
M. M. Brandon New York, N. Y. 
J. L. Callahan New York, N. Y. 
J. F. Fairman New York, N. Y. 
F. E. Harrell Cleveland, Ohio 
H. H. Henline New York, N. Y. 
W. Scott Hill Pittsfield, Mass. 
A. E. Knowlton Short Beach, Conn. 
T. G. LeClair Chicago, II}. 


K. B. McEachron 
Elgin B. Robertson 
M. J. Steinberg 


Pittsfield, Mass. 
Dallas, Tex, 
New York, N. Y. 


Publication 


K. B. McEachron, Chairman; General 
Electric Company, 100 Woodlawn 
Ave., Pittsfield, Mass, 


F.R. Benedict Pittsburgh, Pa. 
D. T. Braymer New York, N, Y. 
H. W. Codding Newark, N. J. 
P. B. Garrett Chicago, III. 
L. F. Hickernell 


Hastings-on-Hudson, N. Y. 


Everett S. Lee Schenectady, N. Y. 
G. R. Mezger Clifton, N. J. 
J. R. North Jackson, Mich. 
T. A. O’Halloran Washington, D. C. 
G. CGC, Quinn Milwaukee, Wis. 
GC. S. Rich New York, N. Y. 
J. D. Tebo New York, N. Y. 
G. C. Tenney San Francisco, Calif. 
E. R. Whitehead Chicago, Ill. 
C. H. Willis Princeton, N. J. 


Public Relations 


G. T. Minasian, Chatrman; Consolidated 
Edison Company of New York, Inc., 
4 Irving Place, New York 3, N. Y. 

uy Bartlett Schenectady, N. Y. 


Q 


G. W. Bower Newark, N. J. 
V. A. Diggs Cleveland, Ohio 
R. T. Ferris Philadelphia, Pa. 
R. R. Herrmann Minneapolis, Minn, 
R. K. Honaman New York, N. Y. 
J. T. Kimball Phoenix, Ariz. 
A. E. Knowlton Short Beach, Conn, 
G, J. Lowell New York, N. Y. 
H. W. Marquardt New York, N. Y. 
Cc. A, Mayo Salem, Mass, 
K. B. MeBadhton Pittsfield, Mass, 


(Continued in next column) 


J. P. Neubauer New York, N. Y. 
H. J. Scholz Birmingham, Ala. 
W. B. Stephenson Oklahoma City, Okla, 


Research 


J. A. Hutcheson, Chatrman; Research 
Laboratories, Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 

B. G. Ballard Ottawa, Ontario, Canada 

F. R. Benedict Pittsburgh, Pa. 


E, W. Boehne Cambridge, Mass. 
Cledo Brunetti Stanford, Calif. 
C. R. Burrows Ithaca, N. Y. 


H. E, Edgerton 
M. A, Edwards 
T. J. Killian 

J. T. Littleton 
W. H. Pickering 
C. S. Schifreen 


Safety 


Hendley Blackmon, Chairman; 
house Electric Corporation, Office 
7-L-38, East Pittsburgh 21, Pa. 

H. R. Stevenson, Vice-Chairman 

Detroit, Mich. 

H. B. Whitaker, Secretary Chicago, III. 

Robin Beach . Brooklyn, N. Y. 

M. M. Brandon New York, N. Y. 

W. B. Buchanan 

Toronto, Ontario, Canada 


Cambridge, Mass, 
Schenectady, N. Y. 
Washington, D. C. 

Corning, N. Y. 
Pasadena, Calif. 
Philadelphia, Pa. 


C.F. Dalziel Berkeley, Calif. 
G. S. Diehl Lancaster, Pa. 
W. P. Dobson Toronto, Ontario, Canada 


G. W. Elg New York, N. Y. 
C, E, Ganther Cleveland, Ohio 
J. A. Gienger Rochester, N. Y. 
Floyd L. Goss Los Angeles, Calif. 
N. B. Hinson South Pasadena, Calif. 
L. S. Inskip Murray Hill, N. J. 
W. B. Kouwenhoven Baltimore, Md. 
J. O. Leslie Reading, Pa. 
R, L, Lloyd Bethesda, Md. 
T. M. C. Martin Portland, Oreg. 
G. R. Radley Milwaukee, Wis. 
W. T. Rogers New York, N. Y. 
H. H. Watson Bridgeport, Conn. 
H. B. Williams New York, N. Y. 


Division Liaison Representatives 


Communication: 
T. J. Boerner 
General Applications: 
S. D. Summers 
Industry: 
G. W. Heumann 
Power: 
E. W. Oesterreich 
Science & Electronics: 
J. T. Lusignan 


Camden, N. J. 


Washington, D, C. 
Schenectady, N. Y. 


Pittsburgh, Pa. 


Mansfield, Ohio 
Medical Consultants 


Dr. Cecil K. Drinker, P. O. Box 502, 
Falmouth, Mass. 

Dr, Archer Gordon, University of Illinois, 
Medical Center, Chicago, III. 

Dr. Jerome Kay, The Johns Hopkins 
University, Baltimore 18, Md. 

Dr. B. L. Vosburgh, General Electric 
Company, 1 River Road, Schenec- 
tady 5, N. Y. 


Sections 


C. S. Purnell, Chairman; Westinghouse 
Electric Corporation, 40 Wall Street, 
New York 5, N, Y. 

H. A. Dambly, Vice-Chairman (East) 

Philadelphia, Pa. 

R. E. Kistler, Vice-Chairman (West) 

Seattle, Wash, 
V. L. Ingersoll, Secretary New York, N. Y. 


D. I. Anzini San Francisco, Calif. 
Francis Aubert Mexico, D, F., Mexico 
F. S. Black New York, N. Y. 


T. CG. D, Churchill 
Toronto, Ontario, Canada 
Bradley Cozzens Los Angeles, Calif. 


R. B, Crow Richland, Wash, 
F. A. Eastom Boulder, Colo, 
D. E. Garr Schenectady, N. Y. 
A. J. Hendry St. Paul, Minn, 
R. C, Horn St. Louis, Mo, 
C. P. Knost New Orleans, La. 
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Westing-.. 
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E. L. Michelson Chicago, Ill. 
A. L. O’Banion Boston, Mass. 
F. H. Pumphrey Gainesville, Fla. 
C. L. Reed Erie, Pa. 
F. H. Schlough Pittsburgh, Pa. 
E, T. Sherwood Milwaukee, Wis. 
J. C. Strasbourger Cleveland, Ohio 
J. D. Tebo New York, N. Y. 
Standards 


E. B. Paxton, Chairman; General Electric 
Company, 1 River Road, Schenec- 
tady 5, N. Y. 

M. M. Brandon, Vice-Chairman 

New York, N. Y. 

John J. Anderson, Jr., Secretary 

AIEE Headquarters 

Teterboro, N. J. 
Bayonne, N. J. 


Joseph Wm. Allen 
R. W. Atkinson 


E. L. Bailey Highland Park, Mich. 
Sterling Beckwith Milwaukee, Wis. 
P. L. Bellaschi Portland, Oreg. 
R. C. Bergvall Pittsburgh, Pa. 
R. S. Burnap Harrison, N, J. 
J. E. Clem Schenectady, N. Y. 
H. C, Coleman East Pittsburgh, Pa. 
Cc. L. Dawes Cambridge, Mass. 
Rodman D. deKay New York, N. Y. 


. Dobson Toronto, Ontario, Canada 
. Gross New York, N. Y. 
Buffalo, N. Y. 
Springfield, Ill. 
Cleveland, Ohio 
New York, N. Y. 
New York, N. Y. 
Cambridge, Mass. 
Philadelphia, Pa. 
Jackson, Mich, 
Washington, D. C. 
Beaumont, Tex. 
Washington, D. C. 


. Middleton 
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; Silabee 


Technical Advisory 


L. F. Hickernell, Chairman; Anaconda 
Wire and Cable Company, Hastings- 
on-Hudson 6, N. Y. 

R. S. Gardner, Secretary 

AIEE Headquarters 

New York, N. Y. 
Birmingham, Ala. 


F. B. Bramhall 
W. R. Brownlee 


E. I, Green Murray Hill, N. J. 
J. R. North Jackson, Mich. 
T. R. Rhea Schenectady, N. Y. 
C. F. Scott Bridgeport, Conn. 
M. J. Steinberg New York, N. Y. 
J. D. Tebo New York, N. Y. 


Technical Program 


M. M. Brandon, Chairman; Underwriters 
Laboratories, Inc., 161 Sixth Ave., 
New York 13, N. Y. 

N. S. Hibshman, Vice-Chairman 

Brooklyn, N. Y. 

Edward C. Day, Secretary 

AIEE Headquarters 


Hendley Blackmon East Pittsburgh, Pa. 


F. B. Bramhall New York, N. Y. 
W. R. Brownlee Birmingham, Ala. 
J. L. Callahan New York, N. Y. 
W. G. Dow Ann Arbor, Mich. 
E. I. Green Murray Hill, N. J. 
J. A. Herrmann Detroit, Mich. 
D. J. Marsden San Francisco, Calif. 
T. R, Rhea Schenectady, N. Y. 
H. I. Romnes New York, N. Y. 
C. F. Scott Bridgeport, Conn. 
J. G. Tarboux Ithaca, N. Y. 
Transfers 


C. B. Carpenter, Chairman; Pacific Tele- 
phone & Telegraph Company, 509 
S. W. Oak Street, Portland 4, Oreg. 

W. C, Bloomquist Schenectady, N. Y. 

Charles Clos New York, N. Y. 


F. A. Cooper St. Louis, Mo. 
Cc, W. Fick Cleveland, Ohio 
J. D. Harper Alcoa, Tenn, 
F. S. Himebrook Dayton, Ohio 
M. R. Horne Dearborn, Mich, 
L. F. Hunt Los Angeles, Calif. 


(Continued on page 2772) 
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C. W. Keller Denver, Colo. 
J. W. Robinson San Francisco, Calif. 
E. W. Stone De Kalb, Il. 

. J. Tesar Cleveland, Ohio 
W. W. Walters Chicago, Ill. 
F. W. Willcutt Washington, D. C. 
H. B. Wood Boston, Mass. 


Professional Division 
Committees 


Professional Division 
Advisory 


W. Scott Hill, Chairman; Transformer 
and Allied Products Division, General 
Electric Company, 100 Woodlawn 
Ave., Pittsfield, Mass. 

F.S. Black, Vice-Chairman 

New York, N. Y. 


C. J. Beller Cleveland, Ohio 
J. F. Calvert Evanston, IIl. 
A. G. Conrad New Haven, Conn. 
N. L. Freeman Albany, N. Y. 
A. H. Kehoe New York, N. Y. 
H. N. Muller, Jr. East Pittsburgh, Pa. 
J.J. Orr New York, N. Y. 
R. W. Sorensen Pasadena, Calif. 
F. W. Tatum Dallas, Tex. 


Charles LeGeyt Fortescue 
Fellowship 


F. W. Bush 
A. G. Conrad, Chairman 
New Haven, Conn. 
(Terms expire July 31, 1952) 
East Pittsburgh, Pa. 
Jackson, Mich. 
(Terms expire July 31, 1953) 
F. H. Pumphrey Gainesville, Fla. 
1. D. Ryder Urbana, IIl. 
(Terms expire July 31, 1954) 


Milwaukee, Wis. 


Guy Kleis 
F. E. Sanford 


Code of Principles of 
Professional Conduct 
R. W. Sorensen, Chairman; 384 South 


Holliston Avenue, Pasadena, Calif. 
R. E. Argersinger Boston, Mass. 


Harry Barker New York, N. Y. 
Edith Clarke Austin, Tex. 
F. F. Evenson San Diego, Calif. 
E. S. Fields Cincinnati, Ohio 
C. A. Heinze Los Angeles, Calif. 
W. B. Kouwenhoven Baltimore, Md. 
R. D. Maxson Chicago, IIL. 
J. S. Waters Houston, Tex. 


Edison Medal 


Appointed by the President for term of five years 
Marvin W. Smith Philadelphia, Pa. 
H. S. Osborne New York, N. Y. 
H. A. Winne Schenectady, N. Y. 

(Terms expire July 31, 1952) 


D. I. Cone San Francisco, Calif. 
J. B. MacNeill East Pittsburgh, Pa. 
Philip Sporn New York, N. Y. 


(Terms expire July 31, 7953) 
J. L. Callahan New York, N. Y. 
J. M. Flanigen Atlanta, Ga. 
R. I. Wilkinson New York, N. Y. 
(Terms expire July 31, 1954) 
J. F. Calvert, Chairman Evanston, III. 
Swampscott, Mass. 
John Grotzinger Akron, Ohio 

(Terms expire July 31, 1955) 
A. H. Frampton 

Toronto, Ontario, Canada 
J. R. North Jackson, Mich. 
B. R. Teare, Jr. Pittsburgh, Pa. 

(Terms expire July 31, 1956) 


Members of Board of Directors elected by the 
Board for term of two years 


M. D. Hooven Newark, N. J. 
F. O. McMillan Corvallis, Oreg. 
C. S, Purnell New York, N. Y. 


(Terms expire July 31, 1952) 
Pittsburgh, Pa. 

D. D. Ewing Lafayette, Ind. 
Victor Siegfried Worcester, Mass. 
(Terms expire July 37, 1953) 


F. R. Benedict 
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Education 


H. N. Muller, Jr., Chairman; Westing- 
house Electric Corporation, East 
Pittsburgh, Pa. 


. B. Alexander Binghamton, INSYS 


. D. Ayres Columbus, Ohio 
. D. Bennett Silver Spring, Md. 
. L. Biesele Dallas, Tex. 
. W. Boehne Cambridge, Mass. 
. S. Bridgman New York, N. Y. 
. V. Bullen Lubbock, Tex. 
. S. Coover Ames, Iowa 
. C. DuVall Boulder, Colo. 
_W. Friend Elizabeth, N. J. 


Minneapolis, Minn. 
Detroit, Mich. 
Pasadena, Calif. 
Springfield, Ohio 


oO 


nry E. Hartig 
. R. Hellwarth 
. C. Lindvall 
Lloyd 
McEachron, Jr. 
Schenectady, N. Y. 


.C. 

~ a. 

. C. McFarland Berkeley, Calif. 
Bes 

. WwW. 


Dams roy Gnaile Seta ae 


McLenegan Richland, Wash. 
Morris Los Angeles, Calif 

. A. Peterson Madison, Wis. 
linge Richter Milwaukee, Wis. 
D. Ryder Urbana, III. 
M. Strong Ithaca, N. Y. 

R. Teare, Jr. Pittsburgh, Pa. 
G.F.Tracy Toronto, Ontario, Canada 


Eric A. Walker 
M. L. Waring 
S. Reid Warren, Jr. 


State College, Pa. 
New York, N. Y. 
Philadelphia, Pa. 


Lamme Medal 


C. B. Jolliffe Princeton, N. J. 
A. H. Kehoe, Chairman New York, N. Y. 
J. B. MacNeill East Pittsburgh, Pa. 
(Terms expire July 31, 1952) 
Newark, N. J. 
L. L. Bosch Cincinnati, Ohio 
Walther Richter Milwaukee, Wis. 
(Terms expire July 31, 1953) 

A. M. MacCutcheon 
Shaker Heights, Ohio 
B. L. Robertson Berkeley, Calif. 
Elgin B. Robertson Dallas, Texas 
(Terms expire July 31, 1954) 


W. J. Barrett 


Management 


C. J. Beller, Chatrman; Cleveland Electric 
Illuminating Company, 75 Public 
Square, Cleveland 13, Ohio 


K. P. Applegate Hartford, Conn. 
E. D. Ayres Columbus, Ohio 
R. D. Bennett Silver Spring, Md. 
F. W. Bush Milwaukee, Wis. 
W. L. Cisler Detroit, Mich. 
S. M. Hamill, Jr. Cincinnati, Ohio 
E. E. Hill New York, N. Y. 
H. O. Hodson Amarillo, Tex. 
F. K. McCune Schenectady, N. Y. 
A. C. Monteith Pittsburgh, Pa. 
H. A. Peterson New York, N. Y. 
D. A. Quarles New York, N. Y. 
F. M. Roberts Schenectady, N. Y. 
D. D. Smalley San Francisco, Calif. 
J. B. Wiley Norman, Okla. 


Prizes, Award of Institute 


J.J. Orr, Chairman; United States Rubber 
Company, 1230 6th Avenue, New 
York 20, N. Y. 

Edward C. Day, Secretary 

AIEE Headquarters 


H. A. Affel Murray Hill, N. J. 
J. C. Aydelott Erie, Pa. 
G. S. Brown Cambridge, Mass. 
H. F. Brown New Haven, Conn. 
W. R. Brownlee Birmingham, Ala. 
W. G. Dow Ann Arbor, Mich. 
A. J. Maslin Sharon, Pa. 
K. B. McEachron Pittsfield, Mass, 
G. W. Scott, Jr. Lancaster, Pa. 
B. G. A. Skrotzki New York, N. Y. 
A. B. Smith Chicago, II. 
S. D. Summers Washington, D. C. 
H. M. Turner New Haven, Conn. 
L. A. Umansky Schenectady, N. Y. 
C. H. Willis Princeton, N. J. 


Harold Winograd Milwaukee, Wis. 


Registration of Engineers 


N. L. Freeman, Chairman; Board of 
Examiners of Professional Engineers 
and Land Surveyors, 23 S. Pearl 
Street, Albany 7, N. Y. 

(Continued in next column) 


H. A. Carlberg 

J. H. Foote 

Ward Harrison 

K. B. McEachron 
E. W. Oesterreich 
Elgin B. Robertson 
C. G. Roush 

R. V. Shepherd 
R. W. Sorensen 


Richland, Wash. 
Jackson, Mich. 
Cleveland, Ohio 
Pittsfield, Mass. 
Pittsburgh, Pa. 
Dallas, Tex. 
Kansas City, Mo. 
Schenectady, N. Y. 
Pasadena, Calif. 


Student Branches 


F. W. Tatum, Chatrman; Southern 
Methodist University, Dallas, Tex. 


J. C. Clark Tucson, Ariz. 
R. F. Danner Oklahoma City, Okla. 
W. H. Erickson Ithaca, N. Y. 
K. A. Fegley Philadelphia, Pa. 
P. M. Honnell St. Louis, Mo. 
R. C. Lewis Los Angeles, Calif. 
Cc. A. Mann Cleveland, Ohio 
A. J. McCrocklin, Jr. Austin, Tex. 
H. N. Muller, Jr. East Pittsburgh, Pa. 
S. I. Pearson Boulder, Colo. 
R. G. Porter Boston, Mass. 
E. A. Reid Urbana, Ill. 
J. D. Ryder Urbana, III. 
L. N. Stone Corvallis, Oreg. 
J. G. Tarboux Ithaca, N. Y. 
C. F, Teryilliger Schenectady, N. Y. 
D. H. Vliet New Orleans, La. 
R. T. Weil New York, N. Y. 


Volta Scholarship Trustees 

C. A. Powel Boston, Mass. 

(Term expires July 31, 1953) 
H. S. Osborne, Chairman 

New York, N. Y. 

(Term expires July 31, 1955) 

Lafayette, Ind. 

(Term expires July 31, 1957) 


D. D. Ewing 


Technical 
Committees 


Communication 
Division 
Communication Division 
Committee 


F. B. Bramhall, Chairman; Western Union 
Telegraph Company, 60 Hudson 
Street, New York 13, N. Y. 

H. A. Affel, Vice-Chairman 

Murray Hill, N. J. 

I. S. Coggeshall, Secretary 

New York, N. Y. 

L. G. Abraham Murray Hill, N. J. 
W. J. Barrett (representing Board of Directors) 
Newark, N. J. 


J. L. Callahan New York, N. Y. 
E. C. Chamberlin, Jr. New York, N. Y. 
J. B. Coleman Camden, N. J. 
A. T. Lattauzeo New York, N. Y. 
John Meszar New York, N. Y. 
H. I. Romnes New York, N. Y. 
G. T. Royden New York, N. Y.< 


Committee on 
Communication 
Switching System 


John Meszar, Chairman; Bell Telephone 
Laboratories, Inc., 463 West Street, 
New York 14, N. Y. 

A. E, Frost, Vice-Chairman 

New York, N. Y. 

William Keister, Secretary 

New York, N. Y. 


Eric Brooke Galion, Ohio 


L. L. Burns Dallas, Tex. 
R. C. Davis New York, N. Y. 
W. E. Glomski St. Louis, Mo. 
G. H. Gray Little Falls, N. J. 
R. S. Neikirk Washington, D. C. 
H. V. Schofield New York, N. Y. 
J. O’D. Shepherd Atlanta, Ga. 
A. B. Smith Chicago, Ill. 
D. L. Solomon Alexandria, Va. 
W. G. Storey Chicago, Ill. 


C. M. Tomlinson 
No subcommittees 


Philadelphia, Pa. 


Officers and Committees 1951-1952 


i) 
Committee on Radio 


Communications Systems 


G. T, Royden, Chairman; Mackay Radio 
and Telegraph Company, 67 Broad 
Street, New York 4, N. Y. 

A. C. Dickieson, Vice-Chairman 

Murray Hill, N. J. 

H. P. Corwith, Secretary New York, N. Y. 

Cc. M. Backer Philadelphia, Pa. 

I. F. Byrnes New York, N. Y. 

R. D. Campbell New York, N. Y. 

Edward Daskam, Jr. |New York, N.Y. 


G. E, Dodrill Washington, D. C. 
L. W. Gregory Baltimore, Md. 
L. B. Grew New Haven, Conn. 
D. D. Grieg Nutley, N. J. 
J. W. Kearney Mineola, L. I., N. Y. 
S. C. Leyland Newark, N. J. 
L. P. Morris Chicago, Ill. 
J. E. Reid Toronto, Ontario, Canada 
Hubert Sharp Denver, Colo. 
C. E. Smith Cleveland, Ohio 
L. R. Spaulding Portland, Oreg. 
David Talley Clifton, N. J. 
J. M. Walsh New York, N. Y. 


Mobile Radio Subcommittee 


A. C. Dickieson, Chairman; Bell Telephone 
Laboratories, Inc., Murray Hill, N. J. 


C. M. Backer Philadelphia, Pa. 
I. F. Byrnes New York, N. Y. 
G. E, Dodrill Washington, D. C. 
L. B. Grew New Haven, Conn, 
J. W. Kearney Mineola, L. I., N. Y. 
L. P. Morris Chicago, Ill. 
J. E. Reid Toronto, Ontario, Canada 


C. E. Smith 
David Talley 


Cleveland, Ohio 
New York, N. Y. 


Point-to-Point Radio Subcom- 
mittee 


H. P. Corwith, Chairman; Western Union 
Telegraph Company, 60 Hudson 
Street, New York 13, N. Y. 

C. M. Backer Philadelphia, Pa, 

R. D. Campbell New York, N. Y. 

Edward Daskam, Jr. New York, N. Y. 


G. E. Dodrill Washington, D. C. 
L. W. Gregory Baltimore, Md. 
D. D. Grieg Nutley, N. J. 
S. C. Leyland Newark, N. J. 


Hubert Sharp 
L. R. Spaulding 
J. M. Walsh 


Denver, Colo. 
Portland, Oreg. 
New York, N. Y. 


Committee on Special 
Communications 
Applications 


A. T. Lattauzeo, Chairman; Westinghouse 
Electric Corporation, 40 Wall Street, 
New York 5, N. Y. 

Melville Eastham, Vice-Chairman 

Cambridge, Mass. 

L. C. Holmes, Secretary Rochester, N. Y. 


A. G. Clavier Nutley, N. J. 
G. J. Crowdes Cambridge, Mass. 
A. A. James New Haven, Conn. 
R. H. Kline Baltimore, Md. 
W. A. Ready Malden, Mass. 


T. W. Stringfield Portland, Oreg. 


Electro-Acoustics Subcommittee 


W. A. Ready, Chairman; National Com- 
pany, Inc., 61 Sherman Street, 
Malden, Mass. 

Melville Eastham 


T. W. Stringfield Portland, Oreg. 


Railroad Communications Sub- 


committee { 


R. H. Kline, Chairman; Westinghouse 
Electric Corporation, 3601 Wash- 
ington Boulevard, Baltimore 27, Md. 

W. D. Hailes Rochester, N. Y. 


Special Activities-Subcommittee 


G. J. Crowdes, Chairman; Simplex Wire 
and Cable Company, 66 Sidney 
Street, Cambridge, Mass. 

A. G. Clavier Nutley, N. J- 

A. A. James New Haven, ne 


AIEE TRANSACTIONS 


Cambridge, Mass. 


; 
f 


Committee on Telegraph 
Systems 


E. C. Chamberlin, Jr., Chairman; Western 
Union Telegraph Company, 60 
Hudson Street, New York 13, N. Y. 

J. A. Duncan, Jr., Vice-Chairman 

New York, N. Y. 

New York, N. Y. 
Chicago, Ill. 


R. B. Shanck, Secretary 
A, S. Benjamin 


A. G. Cooley New York, N. Y. 
L. C. Edie Clifton, N. J. 
L, G. Brickson San Carlos, Calif. 
D. F. Hazen, Jr. New York, N. Y. 
J. V. L. Hogan New York, N. Y. 
Charles Jelinek, Jr. New York, N. Y. 
Alfred Kahn New York, N. Y. 
R. E. Pierce New York, N. Y. 
L. A. Smith New York, N. Y. 
R. B. Steele Toronto, Ontario, Canada 
E. F. Watson New York, N. Y. 


H. P. Westman, Sr. New York, N. Y. 


Facsimile Subcommittee 


A. G. Cooley, Chairman; Times Facsimile 
Corporation, 540 W. 58th Street, 
New York 19, N. Y. 

J. V. L. Hogan New York, N. Y. 

Charles Jelinek, Jr. New York, N. Y. 

E. F. Watson New York, N. Y. 


Committee on Television 
and Aural Broadcasting 
Systems 


Jj. B. Coleman, Chairman; Radio Corpora- 
tion of America, R.C.A. Victor 
Division, Camden, N. J. 

I. J. Kaar, Vice-Chairman Syracuse, N. Y. 

W. L. Lawrence, Secretary Camden, N. J. 

Princeton, N. J. 


W. F. Cotter Chicago, III. 
L, G. Cumming New York, N. Y. 
Cc. E. Dean Little Neck, L. I., N. Y. 
D. G, Fink New York, N. Y. 
P. C. Goldmark New York, N. Y. 
W. H. Heiser East Paterson, N. J. 
Scott Helt Passaic, N. J. 
K. W. Jarvis Chicago, Ill. 
E, M. Johnson New York, N. Y. 
D. G. Little Baltimore, Md. 
F, H. McIntosh Washington, D. C. 
C. B. Plummer Washington, D. C. 
E. G. Ports Nutley, N. J. 
J. W. Rieke Murray Hill, N. J. 
L, M, Rodgers Philadelphia, Pa. 
R. E, Shelby New York, N. Y. 
F. R. Small St. Louis, Mo. 
S. C. Spielman Philadelphia, Pa. 
V. E. Trouant Camden, N. J. 
J. CG. Van Arsdell, Jr. Erie, Pa. 


No subcommittees 


Committee on Wire 
Communications Systems 


L, G. Abraham, Chairman; Bell Telephone 
Laboratories, Inc., Murray Hill, N. J. 
G. B. Ransom, Vice-Chairman 
New York, N. Y. 
P. G. Edwards, Secretary 
Murray Hill, N. J. 


A. L, Albert Corvallis, Oreg. 
W. M. Allen New York, N. Y. 
E. D. Barcus Los Angeles, Calif. 
Hezzie Clark Houston, Tex. 
A. B. Credle Ithaca, N. Y. 
G. E, Dodrill Washington, D. C. 
H. E. Ellithorn Notre Dame, Ind. 
L, G. Erickson San Carlos, Calif. 


D. G. Geiger Toronto, Ontario, Canada 


General Applications 


Division 


General Applications 
Division Committee 


C. F. Scott, Chatrman; 
1285 Boston Avenue, 


Company, 


General Electric 


Bridgeport 8, Conn. 
H. F. Brown, Vice-Chairman 


New Haven, Conn, 


W. H. Reed, Secretary New York, N. Y. 


L. W. Birch Mansfield, Ohio 
T. H. Cline Newark, Ohio 
J. B. Feder Washington, D. C, 


C. W. Fick (representing Board of 


Directors) Cleveland, Ohio 
D. E. Fritz Cleveland, Ohio 
R. C. Putnam Cleveland, Ohio 
S. D. Summers Washington, D. C. 
Cc. C. Whipple Brooklyn, N. Y. 


Committee on Air 
Transportation 


D. E. Fritz, Chairman; Jack and Heintz, 
Inc., Cleveland 1, Ohio 
W. L. Berry, Vice-Chairman 


R. H. Keith, Seeretary 


Culver City, Calif. 
Lima, Ohio 


J. W. Allen Teterboro, N. J. 
G. W. Almassy Los Angeles, Calif. 
B, O. Austin Lima, Ohio 
E. P. Barlow Baltimore, Md, 
J. H. Blankenbuehler Troy, Ohio 
W. V. Boughton So, Pasadena, Calif. 
W. C. Bryant Burbank, Calif. 
J. P. Dallas Culver City, Calif. 
J. C. Dieffenderfer Dayton, Ohio 
Peter Duyan, Jr. | Santa Monica, Calif. 
D. W. Exner Seattle, Wash. 
H. E. Felix Tulsa, Okla. 
Fred Foulon El Segundo, Calif. 
E. A. Freitas Hawthorne, Calif. 
Elio Fueyo Miami, Fla. 
C. E. Gagnier Torrance, Calif. 
S. H. Hanville, Jr. Washington, D. C. 
R. D. Jones Fort Wayne, Ind. 
Irving Kalikow West Lynn, Mass. 
W. B. Keller Cleveland, Ohio 
E, F. Kotnik San Diego, Calif. 
L. R. Larson Washington, D. C, 


Karl Martinez 
John Maxian, Jr. 


Seattle, Wash. 
Los Angeles, Calif. 


CG. F. McCabe San Diego, Calif. 
R. S. Mead Kansas City, Mo. 
R. A. Millermaster Milwaukee, Wis. 
J. D. Miner Lima, Ohio 
Cc. R. Moore Inglewood, Calif. 
Joseph Nader Chicago, II. 
R. L. Olson St. Paul, Minn. 
G. A. Phillips Schenectady, N. Y. 
H. F. Rempt Burbank, Calif. 
K. R. Smythe Johnsville, Pa. 
G. E. Sylvester Fort Worth, Tex. 
F,. H. Walker Buffalo, N. Y. 
S. H. Webster Teterboro, N. J. 


Aircraft Electrical Rotating Ma- 
chinery Subcommittee 


L. R. Larson, Chairman; 


Naval Research 


Laboratory, Washington, D. C. 


S. H. Hanville, Jr. 


Washington, D. C. 


Principles of Altitude Rating of 
Electrical Apparatus Subcom- 


mittee 

Karl Martinez, Chairman; Boeing Air- 
plane Company, Plant 1, Seattle, 
Wash. 

S. H. Hanville, Jr. Washington, D. C. 

WEKer Holloway Johnsville, Pa. 

G. C. Martin Cleveland, Ohio 

L. Pico Dayton, Ohio 

L. A, Zahorsky Grand Rapids, Mich. 


Aircraft Electrical Control, Pro- 
tective Devices and Cable Sub- 


committee 


B. O. Austin, Chairman; 
neering Department, 


Aviation Engi- 
Westinghouse 


Electric Corporation, Lima, Ohio 


Earl Barlow 

E, L. Bottemiller 
W. V. Bryant 

A. J. Mustard 

R. A. Millermaster 


Baltimore, Md. 
Schenectady, N. Y. 
Burbank, Calif. 
Miami, Fla. 
Milwaukee, Wis. 


W. G. Neild Teterboro, N. J. 
E. R. Olson Richmond, Ind. 
J. Ottmar Attleboro, Mass. . 
J. W. Pobst Johnsville, Pa. 
J. C. Thomas Dayton, Ohio 
Omar Wally Cleveland, Ohio 


Committee on Domestic 
and Commercial 


Applications 
T. H. Cline, Chairman; Newark Stove 
Company, 550 Wehrle Avenue, 
Newark, Ohio 

T. C, Johnson, Vice-Chairman 
Bloomfield, N. J. 
J. P. Harris, Secretary Cleveland, Ohio 
J. C. Beckett San Francisco, Calif. 
C. D. Bratiotis Boston, Mass. 

W. B. Buchanan 

Toronto, Ontario, Canada 
O. K. Buck Los Angeles, Calif. 
V. P. Campbell Newport, Wash. 
W. R. Crawford Cincinnati, Ohio 
L. R. Emmert East Pittsburgh, Pa. 
R. W. Fauquet Chicago, Ill. 
J. F. Frazier Corning, N. Y. 
R. R. Herrmann Minneapolis, Minn. 
H. F. Hoebel New York, N. Y. 
B. H. Martin Chattanooga, Tenn. 
T. L. Matney Richland, Wash. 
W. G. Meese Detroit, Mich. 
C. W. Meytrott New York, N. Y. 
J H. Oliver Schenectady, N. Y. 
B. F. Parr Mansfield, Ohio 
L. N. Roberson Seattle, Wash. 
G. E. Schall, Jr. New York, N. Y. 
C. F, Scott Bridgeport, Conn. 
W. B. Shepperd State College, Pa. 
G, S. Smith Seattle, Wash. 
T. T. Woodson Jeffersontown, Ky. 
R. F. Zimmerman Dayton, Ohio 


Electric Space Heating and 


Heat Pumps 
(West Coast) 


Subcommittee 


V. P. Campbell, Chairman; Public Utility 


District Number 1, 


Pend Oreille 


County, Box G, Newport, Wash. 


R. F. Gosnell St. Louis, Mo. 
G. H, Gray Little Falls, N. J. 
W. D. Hailes Rochester, N. Y. 
E. B. Hansen Seattle, Wash. 
L. M. Hartwell Dallas, Tex. 
H. R. Hunkins Clifton, N. J. 
H. R. Huntley New York, N. Y. 
L. H, Hutchins Cambridge, Mass. 
E. R. Jones Denver, Colo. 
R. R. O’Connor Chicago, Ill. 
W. F. Potter Boston, Mass. 
A. L. Rumsey Albany, N. Y. 
L. M. Schindel Kansas City, Mo. 
L. J. Shaffer Cleveland, Ohio 
A. B. Smith Chicago, Ill. 
L. A. Smith New York, N. Y. 
W. T. Smith Washington, D. C. 
H. W. Sundius New Haven, Conn. 


No subcommittees 
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R. D. Jones Fort Wayne, Ind. 
Irving Kalikow Lynn, Mass. 
R. R. Miille Lima, Ohio 
F. M. Potter Teterboro, N. J. 
R. R. Smith Baltimore, Md. 
H. R. Tragesser Cleveland, Ohio 
L. A. Zahorsky Grand Rapids, Mich. 


Aircraft Electrical Systems Sub- 
committee 


G. A. Phillips, Chairman; Aviation Divi- 
sions, General Electric Company, 
Schenectady, N. Y. 

Phil. Binderman Washington, D. C. 


R. L. Brown Teterboro, N. J. 
L. M. Cobb Johnsville, Pa. 
D. W. Exner Seattle, Wash. 


L. H. Hildebrandt 
T. H. MeNary, Jr. 
Cc. L. Mershon 
Charles Milliken 


Dayton, Ohio 
Wichita, Kan. 

Lima, Ohio 
Burbank, Calif. 


R. L. Olson St. Paul, Minn. 
D. H. Scott Washington, D, C. 
O. C. Walley Cleveland, Ohio 


J. C. Beckett San Francisco, Calif. 
O. K. Buck Los Angeles, Calif. 
L. N. Roberson Seattle, Wash. 
G. S. Smith Seattle, Wash. 
Electric Space Heating and 


Heat Pumps Subcommittee 


(East Coast) 


H. F. Hoebel, Chairman; American Gas 
and Electric Service Corp., 30 
Church Street, New York 8, N. Y. 

(Personnel to be selected) 


Domestic Appliances Subcom- 
mittee 


T. T. Woodson, Chairman; General 
Electric Company, 1285 Boston 
Avenue, Bridgeport 2, Conn. 

W. B. Buchanan 

Toronto, Ontario, Canada 
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B. F. Parr 
C. F. Scott 
R. F. Zimmerman 


Mansfield, Ohio 
Bridgeport, Conn, 
Dayton, Ohio 


Farm Electrification Subcom- 
mittee 


W. R. Crawford, Chairman; Crosley 
Division, AAVCO Manufacturing 
Company, 1329 Arlington Street, 
Cincinnati 25, Ohio 

L. R. Emmert East Pittsburgh, Pa. 

R. W. Fauquet Chicago, Ill. 

H. H. Kelly Washington, D. C. 

W. G, Meese Detroit, Mich. 

W. B. Shepperd State College, Pa. 


Committee on Land 
Transportation 


L. W. Birch, Chairman; Ohio Brass Com- 
pany, Transportation Department, 
Mansfield, Ohio 

S. R. Negley, Vice-Chairman 

Philadelphia, Pa. 

G. M. Woods, Secretary 

East Pittsburgh, Pa. 


J. C. Aydelott Erie, Pa. 
L. S. Billau Baltimore, Md. 
H. R. Blomquist Providence, R. I. 
W. A. Brecht East Pittsburgh, Pa. 
H. F. Brown New Haven, Conn. 
D. M. Burckett Boston, Mass. 
GC, N. Chase Brooklyn, N. Y. 
R. J. Corfield Garfield, Utah 


Andrew Costic 
Llewellyn Evans 


Hoboken, N. J. 
Chattanooga, Tenn. 


A. P. Frey Baltimore, Md. 
J. E. Gardner Chicago, III. 
K. H. Gordon Philadelphia, Pa. 
P. H. Hatch Erie, Pa. 
G. L. Hoard Seattle, Wash. 
J. G. Inglis Toronto, Ontario, Canada 


A. P. Jerencsik 
Charles Kerr, Jr. 


Columbus, Ohio 
East Pittsburgh, Pa. 


R. L. Kimball New York, N. Y. 
S. B. Lent Boston, Mass. 
T. M. C. Martin Portland, Oreg. 
P. A. McGee New York, N. Y. 
E. B. Meissner St. Louis, Mo, 
I. S. Nippes Ridgway, Pa. 
A. G. Ochler New York, N. Y. 


W. R. Simmons 

Montreal, Quebec, Canada 
Dwight L, Smith Highwood, Ill. 
Jacob Stair, Jr. Philadelphia, Pa. 
M. C. Swanson Schenectady, N. Y. 
J. D. Sylvester 

Montreal, Quebec, Canada 


R. S. Warren Elkhart, Ind. 
R, A. Williamson Erie, Pa. 
H. P. Wright Baltimore, Md. 


Lawrence Wylie Seattle, Wash. 


Heavy Traction Electrification 
Data Subcommittee 


L. W. Birch, Chairman; Ohio Brass Com- 
pany, Mansfield, Ohio 


H. F. Brown New Haven, Conn. 
A. G. Ochler New York, N. Y. 
R. A. Williamson Erie, Pa. 
G. M. Woods East Pittsburgh, Pa. 
Projects: 


(7). Catenary overhead systems 
(2). Third rail systems 

(3). Electric locomotives 

(4). Substations 

(5). Power supply 


The personnel of the projects is as follows: 
(7) and (2). L. W. Birch, Chairman, 
Ohio Brass Company, Mansfield, Ohio; 
H. F. Brown, New Haven, Conn. 
(3), (4), and (5). A. G. Oehler, New 
York, N. Y.; R. A. Williamson, Erie, Pa.; 
G. M. Woods, East Pittsburgh, Pa. 


Heavy Traction Papers and 
Plans Subcommittee 


H. F. Brown, Chairman; New York, New 
Haven, and Hartford Railroad, 
Railroad Station, New Haven, Conn. 


W. A. Brecht East Pittsburgh, Pa. 
R. L. Kimball New York, N. Y. 
T. M. C. Martin Portland, Oreg. 
S. R. Negley Philadelphia, Pa. 


M. C. Swanson 
Lawrence Wylie 


Schenectady, N. Y. 
Seattle, Wash. 
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Light Traction Papers and 


Plans Subcommittee 


G. M. Woods, Chairman; Industry Engi- 
neering Department 11-L, Westing- 
house Electric Corporation, East 
Pittsburgh, Pa. 

J. G. Aydelott Erie, Pa. 

H. R. Blomquist Providence, R. I. 

J. G. Inglis Toronto, Ontario, Canada 

S. B. Lent Boston, Mass. 

W. R. Simmons 

Montreal, Quebec, Canada 

Dwight L. Smith Highwood, Ill. 


Subcommittee on Revision of 
AIEE Standard Number 16 
(Electric Railway Control Ap- 
paratus) ASA C48 


R. A. Williamson, Chairman; Railroad 
Rolling Stock Division of Locomo- 
tive and Car Equipments Divisions, 
General Electric Company, Erie, Pa. 


P. H. Hatch Erie, Pa. 
J. G. Inglis | Toronto, Ontario, Canada 
G. M. Woods East Pittsburgh, Pa. 


Committee on Marine 
Transportation 


J. B. Feder, Chairman; United States 
Coast Guard, Merchant Marine 
Technical Division, 1300 E Street 
North West, Washington 25, D. C. 

W. E. Jacobsen, Vice-Chairman 

Schenectady, N. Y. 

W.N. Zippler, Secretary New York, N. Y. 

W. B. Armstrong Washington, D. C. 


H. C. Coleman East Pittsburgh, Pa. 
P. J. DuMont New York, N. Y. 
R. W. Frost Amesbury, Mass, 
A, R. Gatewood New York, N. Y. 
E, A. Geary Camden, N. J. 
L. M. Goldsmith Philadelphia, Pa. 
P, A. Guise New York, N. Y. 
H, F. Harvey, Jr. Newport News, Va. 
J. E. Jones Milwaukee, Wis. 
Cornelius Krommenhock Brooklyn, N. Y. 


V. W. Mayer Washington, D. C. 
S. N. Mead Amesbury, Mass. 
W. H., Reed New York, N. Y. 
E. M. Rothen New York, N. Y. 
J. D. Shuster Quincy, Mass. 
C. W. Souder Glen Cove, N. Y. 
E. H. Stivender Milwaukee, Wis. 
G. O. Watson London, England 
O. A. Wilde Chester, Pa. 
Power Generation Subcom- 
mittee 


O. A. Wilde, Chairman; Sun Shipbuilding 

and Dry Dock Company, Chester, Pa. 
W. B. Armstrong Washington, D. C. 
H. C. Coleman East Pittsburgh, Pa. 
L. M. Goldsmith Philadelphia, Pa. 
W. E. Jacobsen Schenectady, N. Y. 
E. H. Stivender Milwaukee, Wis. 


Power 
mittee 


Application Subcom- 


L. M. Goldsmith, Chairman; Atlantic 
Refining Company, 260 South Broad 
Street, Philadelphia, Pa. 

W. B. Armstrong Washington, D. C. 


H. C, Coleman East Pittsburgh, Pa. 
W. E. Jacobsen Schenectady, N. Y. 
J. E. Jones Milwaukee, Wis. 


E. H. Stivender Milwaukee, Wis. 


Wires and Cables Subcommittee 


W.N. Zippler, Chairman; Gibbs and Cox, 


Inc., 1 Broadway, New York 4, N, Y. 
Bale DuMont New York, N. Y. 
J. B. Feder Washington, DAC: 
A. R. Gatewood New York, N. Y. 
W. E. Jacobsen Schenectady, N. Y. 
V. W. Mayer Washington, D. C. 
W. H. Reed New York, N. Y. 


Switchboards and Control Sub- 
committee 


H. C. Coleman, Chairman; Westinghouse 
Electric Corporation, East Pitts- 
burgh, Pa. 
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P. J. DuMont New York, N. Y. 
H, F. Harvey, Jr. Newport News, Va. 
J. E. Jones Milwaukee, Wis. 
Cornelius Krommenhock 

Brooklyn, N. Y. 
J. D. Shuster Quincy, Mass. 


E. H. Stivender Milwaukee, Wis. 


Distribution Subcommittee 


H. F. Harvey, Jr., Chairman; Newport 
News Shipbuilding and Dry Dock 
Company, Newport News, Va. 

W. B. Armstrong Washington, D. C. 

A. R. Gatewood New York, N. Y. 


E. A. Geary Camden, N. J. 
L. M. Goldsmith Philadelphia, Pa. 
P. A. Guise New York, N. Y. 
V. W. Mayer Washington, D. C. 
W. N. Zippler New York, N. Y. 


Fittings and Appliances Sub- 
committee 


V. W. Mayer, Chairman; United States 
Maritime Commission, Technical 
Division, United States Department 
of Commerce Building, Washington, 


D. CG. 

P, J. DuMont New York, N. Y. 
R. W. Frost Amesbury, Mass, 
BE, A. Geary Camden, N. J. 
P. A. Guise New York, N. Y. 
H. a Harvey, Jr. | Newport News, Va, 
E. M. Rothen New York, N. Y. 
De D. Shuster Quincy, Mass, 
O. A. Wilde Chester, Pa, 
Communications and Alarm 
Subcommittee 

W. H. Reed, Chairman; Bruce Electric 


Company, 196 West Houston Street, 
New York 14, N. Y. 


R. W. Frost Amesbury, Mass. 
A. R. Gatewood New York, N. Y. 
E, A. Geary Camden, N. J. 
Cornelius Krommenhock 

Brooklyn, N. Y. 
S. N. Mead Amesbury, Mass. 
E. M. Rothen New York, N. Y. 
J. D. Shuster Quincy, Mass. 
C. W. Souder Great Neck, N. Y. 
Navigation Equipment Sub- 
committee 


S. N. Mead, Chairman; Sig-Trans, Inc., 
Haverhill Road, Amesbury, Mass. 
R. W. Frost Amesbury, Mass. 
P. A. Guise New York, N. Y. 
Cornelius Krommenhock 
Brooklyn, N. Y. 


E. M. Rothen New York, N. Y. 
C. W. Souder Great Neck, N. Y. 
Publicity, Personnel, and 


History Subcommittee 


W. H. Reed, Chairman; Bruce Electric 
Company, 196 West Houston Street, 
New York 14, N. Y. 


H. F. Harvey, Jr. | Newport News, Va. 
W. N. Zippler New York, N. Y. 


Editing Subcommittee 


W.N. Zippler, Chairman; Gibbs and Cox, 
Inc., 1 Broadway, New York 4, 


ERG 
J. B. Feder Washington, D. C. 
H. F. Harvey, Jr. Newport News, Va. 
W. H. Reed New York, N. Y 


International Standardization 
Subcommittee 


A. R. Gatewood, Chairman; American 


Bureau of Shipping, 45 Broad Street, 
New York 4, N. Y, 


H. C. Coleman East Pittsburgh, Pa. 
H. F. Harvey, Jr. | Newport News, Va. 
W. N. Zippler New York, N. Y. 


Committee on Production 
and Application of Light 


R. C, Putnam, Chairman; Case Institute 
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ing Department, 10900 Euclid 
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R. L, Oetting, Secretary Cleveland, Ohio 
J. F. Angier Washington, D, C. 
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S. W. Bruun New York, N. Y. 
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Ultraviolet Radiations Subcom- 
mittee 
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neering Department, General Elec- 
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New York, N. Y. 
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Pittsburgh, Pa. 
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Pittsburgh, Pa. 
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J. A. Cortelli 
P. H. Goodell 
S. W. Herwald 


G, W. Heumann Schenectady, N. Y. 
V. O. Johnson New York, N. Y. 
A. C. Muir Philadelphia, Pa. 
L. W. Roush South Charleston, W. Va. 


Victor Siegfried (representing Board of 
Directors) Worcester, Mass. 


Committee on Chemical, 
Electrochemical and 
Electrothermal 
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L. W. Roush, Chairman; P, O. Box 8395, 
South Charleston 3, W. Va. 

J. Z. Linsenmeyer, Secretary 

East Pittsburgh, Pa. 

Chattanooga, Tenn. 
Midland, Mich. 
Pittsburgh, Pa. 


F. V. Andreae 
F. M. Baxandall 


F. T. Bowditch Cleveland, Ohio 
E. H. Browning East Pittsburgh, Pa. 
A. B, Campbell Houston, Tex. 
W. H. Dickinson Linden, N. J. 
W. C. Dreyer Houston, Tex. 
F. S. Glaza Freeport, Tex. 
W. E. Gutzwiller Milwaukee, Wis. 
E. A. Hanff Pittsburgh, Pa. 
J. D. Harper Alcoa, Tenn. 
T. G. Hieronymus Kansas City, Mo. 
J. E. Hobson Stanford, Calif. 
H. E, Houck Wilmington, Del. 
J. D. Huntsberger Trenton, N. J. 
M. A. Hyde, Jr. East Pittsburgh, Pa, 
F. L. Kaestle Schenectady, N. Y. 
R, J. Kuhn New Orleans, La. 
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D. H. Levy Dallas, Tex. 
J. J. Loustaunau Boston, Mass. | 
J. A. McLellan Linden, N. J.” 
F. J. Mollerus Richland, Wash, 
Waldo Porter Vancouver, Wash, 
H. E. Ramsey Port Arthur, Tex, 
R. L. Rayner Detroit, Mich. 
H. C. Riggs Philadelphia, Pa, 
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New York, N. Y, 
Urbana, Ill. 
Schenectady, N. Y. 
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R. M. Wainwright, Chairman; College of 


Engineering, University of Illinofs, 
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F. J. Mollerus, Secretary Richland, Wash. 
A. E. Archambault New York, N.Y. 
J. D. Brance Houston, Tex. 
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F. R, Benedict Pittsburgh, Pa. 


L. L. Carter Hastings-on-Hudson, N. Y. 
I, H. Coen East Pittsburgh, Pa. 
F. S. Glaza Freeport, Tex. 
R. C. Graham Rome, N. Y. 
J. E. Hobson Stanford, Calif. 
H. E. Houck Wilmington, Del. 
N. D. Kenney Cambridge, Mass. 
A. E. Maibauer New York, N. Y. 
S.J. Rosch — Hastings-on-Hudson, N. Y. 


Herbert Speight Santa Barbara, Calif. 


Electrochemical Processes Sub- 

committee 

W. EE. Gutzwiller, Chairman;  Allis- 
Chalmers Manufacturing Company, 


Box 512, Milwaukee 1, Wis. 
G. F. Jones, Secretary East Pittsburgh, Pa. 


J. R. Auld ~~ Montreal, Quebec, Canada 
F. M. Baxandall Midland, Mich. 
P. M. Fischer Barberton, Ohio 
J. N. Fogg Baton Rouge, La. 


E. M. Hansford 
A. D, Hargroder 
J. D. Harper 
John Kiefer Jones Mills, Ark. 
G. A. Langlois Troutdale, Oreg. 
F. L. Lawton Montreal, Quebec, Canada 
A. E. Marshall St, Louis, Mo. 
Waldo Porter Vancouver, Wash. 
G. B. Scheer Oakland, Calif. 
J. T. Thwaites ; 
Hamilton, Ontario, Canada 
Wyandotte, Mich, 
Pittsburgh, Pa. 


Alloy, W. Va. 
Lake Charles, La. 
Alcoa, Tenn. 


J. W. Tracht 
R. N. Wagner 


Electrothermal Processes Sub- 
committee 


BE. H. Browning, Jr., Chairman; Westing- 


house Electric Corporation, 700 
Braddock Avenue, Hast Pittsburgh, 
Pa, 


F. T. Bowditch, Secretary Cleveland, Ohio 


F. V. Andreae Chattanooga, Tenn. 
W. L. Bundy Wilson Dam, Ala. 
R. A. Geiselman — East Pittsburgh, Pa. 
E. A. Hanft Pittsburgh, Pa. 
A, R. Oltrogge Schenectady, N. Y. 
E. O. Scott Welland, Ontario, Ganada 


J. J. Unger Cleveland, Ohio 


Petroleum Industry Subcom- 
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J. Z. Linsenmeyer, Chairman; Taduatrta} 
Engineering Department, Westing- 


house Electric Corporation, East — 


Pittsburgh, Pa. 
GC. R, Olson, Secretary East Pittsburgh, Pa. 
H. J. Appel 
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W. C. Dreyer Houston, Tex. 
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M. A. Hyde, Jr. East Pittsburgh, Pa. 
D. H. Levy Dallas, Tex. 
Jj. A. Metellan Linden, N. J. 
E. L. Nopper Philadelphia, Pa. 
H. E. Ramsey Port Arthur, Tex. 


Storage Batteries Subcommittee 


H. C. Riggs, Chairman; Electric Storage 
Battery Company, 19th and Alle- 
gheny Avenues, Philadelphia 32, Pa. 


H. H. Zielinski, Secretary 

Schenectady, N. Y- 
J. D. Huntsberger Trenton, N. J. 
L, A. Murray Providence, R. I. 
E. T. Rummel Cleveland, Ohio 
J. J. Unger Cleveland, Ohio 
K. A. Vaughn Depew, N. Y. 


Committee on Electric 
Heating 


Paul H. Goodell, Chairman; 
Specialties, Inc., 9331 
Avenue, Detroit 28, Mich. 

L. P. Hynes, Vice-Chairman 

Haddonfield, N. J. 

Harold Bunte, Secretary Chicago, Ill. 


Jensen 
Freeland 


E. L. Bailey Detroit, Mich. 
R. M. Baker Baltimore, Md. 
I. J. Barber Fostoria, Ohio 
E. J. Bates Dayton, Ohio 


Mrs. B. O. Buckland Schenectady, N. Y. 
F. T, Chesnut Trenton, N. J. 
P, E. Dittman Corning, N. Y. 


L. M. Duryee Waterbury, Conn. 
J. E. Eiselein , Camden, N. J. 
J. G. Fleming Waterbury, Conn. 
M. M. Greer Middletown, Conn. 
E. M. Guyer Corning, N. Y. 
J. C. Handy Baltimore, Md. 
T. P. Kinn Baltimore, Md. 
G. F. Leland Schenectady, N. Y. 
R. C. aaa Philadelphia, Pa. 
A. D. Moo: Ann Arbor, Mich. 
A. E, Ciaiieyer Portland, Oreg. 
Cc. E. Peck Meadville, Pa. 
W. C. Rudd New Rochelle, N. Y. 
R. J. Ruff Detroit, Mich. 
E. H. Scheick New York, N. Y. 
G. W. Scott, Jr. Lancaster, Pa. 
J. T. Vaughan Cleveland, Ohio 
G, E. Walters Peoria, Ill. 


Radiant Heating Subcommittee 


I. J. Barber, Chairman; Fostoria Pressed 


Steel Corporation, 1945 Bradner 

Street, Fostoria, Ohio 
E. J. Bates Dayton, Ohio 
P, H. Bowman Chicago, III. 
Harold Bunte Chicago, Ill. 
Cc. S. Cogger Nutley, N. J. 
A. D. Coggeshall Schenectady, N. Y. 
P. E. Dittman Corning, N. Y. 
P. H. Goodell Detroit, Mich. 
J. D. Hall Bloomfield, N. J. 
W. F. Hickes Foxboro, Mass. 


Raymond Joblonski 
W. B. Kennedy 


Detroit, Mich. 
Salem, Mass. 


J. E. Kolb Pittsburgh, Pa. 
E. A. Linsday Cleveland, Ohio 
R. C. Machler Philadelphia, Pa. 
H. W. McLarney St. Louis, Mo. 
Cc. L. Raynor Detroit, Mich. 
C, E. Russell Philadelphia, Pa. 


W.H. Wannamaker _— Philadelphia, Pa. 


Induction and Dielectric Heat- 
ing Subcommittee 


J. E. Eiselein, Chairman; Radio Corpora- 
tion of America, Victor Division, 


Building 53-C-1, Camden, N. J. 
R. M. Baker Baltimore, Md. 
G. P. Bosomworth Akron, Ohio 
E. W. Chapin Laurel, Md. 
F. T. Chesnut Trenton, N. J. 
L. G. Cumming New York, N, Y. 
M. E, Dunlap Washington, D. C. 
L. M. Duryee Waterbury, Conn. 
C. W. Frick Schenectady, N. Y. 
W. H. Hickok Louisville, Ky. 
GC. A. Jorgensen Kenosha, Wis. 
T. P. Kinn Baltimore, Md. 
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Toronto, Ontario, Canada 

New Rochelle, N. Y. 

Lancaster, Pa. 


Camden, N. J. 
Chicago, II. 


W. C. Rudd 
G. W. Scott, Jr. 
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L. P. Hynes, Chairman; Consulting 
Engineer, 36 West End Avenue, 
Haddonfield, N. J. 

F. T. Chesnut Trenton, N. J. 

J. E. Eiselein Camden, N. J. 

C. D. Fawcett Philadelphia, Pa. 


F. J. Jolly Detroit, Mich. 
H. V. Paynter Philadelphia, Pa. 
L. B. Rosseau Philadelphia, Pa. 


G. W. Scott, Jr. 
Arnold Spillman 


Lancaster, Pa. 
Philadelphia, Pa. 


Committee on Electric 


Welding 


GC. N. Clark, Chairman; Duquesne Light 
Company, 435 Sixth Avenue, Pitts- 
burgh 19, Pa. 

E, J. Limpel, Vice-Chairman 

Milwaukee, Wis. 

J. F. Deffenbaugh, Secretary Warren, Ohio 

Fritz Albrecht Baltimore, Md. 


J. H. Blankenbuebler Troy, Ohio 
W. G. Bostwick Cincinnati, Ohio 
F. L. Brandt Lynn, Mass. 
C. R. Dixon New Kensington, Pa. 
Earl Ewald Minneapolis, Minn. 
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G. W. Garman Detroit, Mich. 
W. B. Kouwenhoven Baltimore, Md. 
R., J. Krieger Columbus, Ohio 
S. W. Luther Detroit, Mich. 
F. W. Maxstadt Pasadena, Calif. 
R. C. McMaster Columbus, Ohio 
C, E. Pflug Kenosha, Wis. 
L. C. Poole Detroit, Mich. 
J. F. Randall Dearborn, Mich. 
C. M. Rhoades, Jr. Schenectady, N. Y. 
M. S. Shane Cleveland, Ohio 
C. B. Stadum Buffalo, N. Y. 
E, F. Steinert Buffalo, N. Y. 
L. K. Stringham Cleveland, Ohio 
G, I. F. Theriault Dayton, Ohio 
H. W. Tietze Newark, N. J. 
J. T. Vaughan Cleveland, Ohio 
L. P. Winsor Troy, N. Y. 
B. L. Wise Bay City, Mich, 
R. E. Young Kankakee, Il. 


Myron Zucker Royal Oak, Mich. 
Power Supply for Resistance 
Welding Machines Subcom- 
mittee 


Myron Zucker, Chairman; Myron Zucker 
Engineering Company, 1708 Crooks 
Road, Royal Oak, Mich. 


E. L. Bailey Highland Park, Mich. 
W. K. Boice New Haven, Conn. 
W. G. Bostwick Cincinnati, Ohio 
Cc. N. Clark Pittsburgh, Pa. 
J. F. Deffenbaugh Warren, Ohio 
L. E. Fisher Detroit, Mich. 
Julius Heuschkel East Pittsburgh, Pa. 
S. W. Luther Detroit, Mich. 
Cc. E. Pflug Kenosha, Wis. 
J. L. Solomon Chicago, Ill. 
C. B. Stadum Buflalo, N. Y. 
H. W. Tietze Newark, N. J. 
H. R. Wall Jackson, Mich. 


Fundamental Electric Arc Re- 
search Subcommittee 


R. C. McMaster, Chairman; 
Memorial Institute, 505 
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J. D. Cobine Schenectady, N. Y. 

Wolfgang Finkelnburg Fort Belvoir, Va. 

W. J. Greene Murray Hill, N. J. 

Julius Heuschkel East Pittsburgh, Pa. 

W. B. Kouwenhoven Baltimore, Md. 

Robert Krieger Columbus, Ohio 


Battelle 
King 


J. M. Parks Chicago, Ill. 
S. F. Radtke Newport, Del. 
R. E. Somers Bethlehem, Pa. 
E. H. Wilhelm Annapolis, Md. 
L. P. Winsor Troy, N. Y. 


Committee on Feedback 
Control Systems 
S. W. Herwald, Chairman; Westinghouse 


Electric Corporation, 1844 Ardmore 
Boulevard, Pittsburgh 21, Pa. 


F. E. Crever, Vice-Chairman 

Schenectady, N. Y. 
A. G. Kegel, Secretary Pittsburgh, Pa. 
W. R. Abrendt College Park, Md. 
E. R. Behn New York, N. Y. 
W. W. Bender Baltimore, Md. 
G. S. Brown Cambridge, Mass. 
H. W. Cory Milwaukee, Wis. 
A. P. DiVincenzo Cleveland, Ohio 
W. R. Evans Downey, Calif. 
F. H. Ferguson Washington, D. C. 
J. G. Ferguson Murray Hill, N. J. 
R. M. Hutchinson Philadelphia, Pa. 
R. W. Jones Evanston, III. 
R. J. Kochenburger Storrs, Conn. 
O. W. Livingston Schenectady, N. Y. 
J. R. MacIntyre West Lynn, Mass. 
H. T. Marcy Endicott, N. Y. 
G. D. McCann Pasadena, Calif. 
R. C. McMaster Columbus, Ohio 
W. E. Meserve Ithaca, N. Y. 
Cc. W. Miller Norwalk, Conn. 
R. W. Moore Buffalo, N. Y. 
F. O. Nottingham, Jr. Atlanta, Ga. 
Arthur Porter Toronto, Ontario, Canada 


. Ragazzini 
Schuck 


New York, N. Y. 
Minneapolis, Minn. 


J. & 

O. He 

G. L. Stancliff, Jr. Washington, D. C. 
W. H. Surber Princeton, N. J. 
H. I. Tarpley State College, Pa. 
C. E. Warren Columbus, Ohio 
C. N. Weygandt Philadelphia, Pa. 
G. E. White Los Angeles, Calif. 


A. J. Williams, Jr. Philadelphia, Pa. 


Terminology and Nomenclature 
Subcommittee 


F. E. Crever, Chairman; General Engi- 
neering Laboratory, General Electric 
Company, Schenectady, N. Y. 

W. R. Ahrendt College Park, Md. 

H. W. Cory Milwaukee, Wis. 

A. G. Kegel Pittsburgh, Pa. 

Paul Travers Cambridge, Mass. 

A. J. Williams, Jr. Philadelphia, Pa. 


Bibliography Subcommittee 


R. W. Jones, Chairman; Northwestern 
University, Department of Electrical 
Engineering, Evanston, III. 

E. R. Behn New York, N. Y. 

F. H. Ferguson Washington, D. C. 

Arthur Porter Toronto, Ontario, Canada 

O. H. Schuck Minneapolis, Minn. 

C. N. Weygandt Philadelphia, Pa. 


Feedback Control Systems Con- 
ference Subcommittee 


H. T. Marcy, Chairman; International 
Business Machines Corporation, 
Engineering Department, Endicott, 
NOY: 

E. R. Behn New York, N. Y. 

A. G. Kegel Pittsburgh, Pa. 

Cc. W. Miller Norwalk, Conn. 

O. H. Schuck Minneapolis, Minn, 


Committee on General 
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V. O. Johnson, Chairman; United States 


Rubber Company, 1230 Avenue of 
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E. M. Hays, Secretary Pittsburgh, Pa. 
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S. P. Blakeman Philadelphia, Pa. 
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O. M. Bundy Cleveland, Ohio 
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Jj. M. Delfs Schenectady, N. Y. 
R. J. Demartini Rensselaer, N. Y. 
W. J. Dowis Richland, Wash. 
J. C. Fink Pittsburgh, Pa. 
M. H. Fisher East Pittsburgh, Pa. 
A. W. Frankenfield Wilmington, Del. 
R. I. Greenwood Los Angeles, Calif. 
E. L. Happ Pisgah Forest, N. C. 
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Herman Halperin Chicago, Ill. 
Cc. T. Hatcher New York, N. Y. 

L. F. Hickernell 
Hastings-on-Hudson, N. Y. 
M. J. Lowenberg Boston, Mass. 
M. H. McGrath Perth Amboy, N. J. 
C. T. Nicholson Buffalo, N. Y. 
C. S. Schifreen Philadelphia, Pa. 
G. B, Shanklin Schenectady, N. Y. 
H. D. Short Toronto, Ontario, Canada 
F. W. Smith Richmond, Va. 
R. J. Wiseman Passaic, N. J. 
K. S..Wyatt Yonkers, N. Y. 
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Utilization Wiring Systems Sub- 
committee 


8. J. Rosch, Chairman; Anaconda Wire 
and Cable Company, Hastings-on- 
Hudson, N. Y. 

HH, G, Barnett 

A. L, Barrett 

T. P, Braneh 

RK, W, Foster 

M, J. Lowenberg 

hi, Mellveen 

R, A, Schatzel 

J. J. Tesoriero 

J. S. Waddington 

Brockville, Ontario, Canada 

H, HW, Watson Bridgeport, Conn, 

CG. W. Zimmerer New York, N. Y. 


Rast Pittsburgh, Pa. 
Franklin, Pa, 
Washington, D, C, 
Canton, N. C. 
Boston, Mass, 
Pamaic, N. J. 
Rome, N. Y. 
New York, N. Y. 


Special-Purpose Cable Sub- 
committee 
W. T. Peirce, Chairman; American Steel 


and Wire Company, Worcester, 


Maas, 
J. F. Atkinson Washington, D, C. 
A. L. Barrett Pranklin, Pa. 
B.D, Bent Montreal, Quebec, Canada 


I, W. Davia 

H. S. Eubank 
R, A, Hopkins 
R, H, Kolka 

R, B, McKinley 
F, L, Phillips 
FF, V, Smith 

i, G. Sturdevant 
J. J. Tesoriero 
R, C, Waldron 
A. J. Warner 
G, W, Zink 


Cambridge, Mass, 
New York, N. Y. 
Knoxville, Tenn, 
Cincinnati, Ohio 
Bridgeport, Conn, 
Kansas City, Mo, 
Chicago, Il. 
Bristol, R. 1. 
New York, N. Y. 
Passaic, N. J. 
Nutley, N. J. 
Yonkers, N. Y. 


Accessories Subcommittee 


M,. W. Ghen, Chairman; Duquesne Light 
Company, 1241 Reedsdale Street, 
N.S,, Pittsburgh 33, Pa, 

P. N, Bosworth Pittsfield, Maas, 

©, Ohristensen Melrose Park, Ill. 

G, D, Bash Jackson, Mich, 

J. D. Frantz Portland, Oreg. 

R, W, Gillette New York, N. Y. 

Vred Meller New York, N. Y, 

J. B. Johnson Philadelphia, Pa, 

S. G. Killian Chicago, Il, 

R, H, Kolks Cincinnati, Ohio 

L. B. Leinbach Detroit, Mich, 

BK. L. Lots Irvington, N. J. 

H, B. Martin Brooklyn, N.Y. 

R, BE, Morse New York, N. Y. 

J. Hy Nicholas Chicago, Il, 

J. J. Pokorny Cleveland, Ohio 

Db, S, Young Toronto, Ontario, Canada 

8. Zyak Schenectady, ING re 


Structures Subcommittee 


J. J. Pokorny, Chairman; 
Electric — Hluminating 
Sleveland, Ohio 

M, J, Andrews Los Angeles, Calif. 

QO. B. Baugh San Francisco, Calif, 

Andrew Bodicky St. Louis, Mo, 

H.W, Clark Washington, D, GC. 

CG. DD, Bash Jackson, Mich, 

H. S, Bubank New York, N. Y. 

G, HW. Biedler Rochester, N.Y, 

R. W, Gillette New York, N.Y. 

CG. TY Nicholson Buffalo, N. Y. 

¥. L. Phillips Kansas City, Mo, 

F. W. Smith Richmond, Va, 

L, G, Smith Baltimore, Md, 


Cleveland 
Company, 


Tests and Measurements Sub- 
committee 


Gordon Thompson, Chatrman; Electrical 
Testing Laboratories, Inc, 2 West 
End Avenue, New York 21, N.Y. 

J. Gy Balsbaugh Cambridge, Mass, 

A. S. Dana Seymour, Conn, 

BW. Davis Cambridge, Mass, 

W. A, Del Mar Yonkers, N.Y. 

W. N, Eddy Cambridge, Mass, 

BW. Greentield 

Hastings-on-Hudson, N.Y, 

Thorstein Larsen Baltimore, Md, 

©. G. Manstield Los Angeles, Calif, 

J. G, Parker Memphis, Tenn, 

LL. FL Roehmann 

Hastings-on-Hudson, N.Y, 

GQ. M, L, Sommerman Evanston, [1l, 

R, F. Tener Washington, D, C, 

GQ. W, Zimmerer New York, N.Y. 
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Committee on Power 
Generation 


J. A. Brooks, Chairman; Consolidated 
Edison Company of New York, Inc., 
4 Irving Place, New York 3, N. Y. 
J. B. McClure, Vice-Chairman 
Schenectady, N. Y. 
Detroit, Mich. 
Milwaukee, Wis. 
East Pittsburgh, Pa. 
Los Angeles, Calif. 
New York, N. Y. 
Chicago, Ill. 
Dayton, Ohio 
Denver, Colo. 
Jackson, Mich. 
Portland, Oreg. 
Lynn, Mass. 
St. Louis, Mo. 
Atlanta, Ga, 
Cleveland, Ohio 
Pittsburgh, Pa. 
Portland, Oreg. 


H.R. Harris, Secretary 
R, E. Appleyard 

J. E. Barkle, Jr. 

E, P. Bryant 
Giuseppe Calabrese 
A, D, Caskey 

H, E, Deardorif 

S. M. Denton 

Ei, I, Dissmeyer 
Alex Dovjikov 

C, B. Fontaine 

G, P. Gamble 

W. P. Hammond 
CG. A, Harrington 
A. P, Hayward 

J. A. Hooper 


3. W. Kerr Walla Walla, Wash, 
3, E. Kilbourne Schenectady, N. Y. 
A. J. Krupy Chicago, Ill. 


F. L. Lawton 
Montreal, Quebec, Canada 
Montreal, Quebec, Canada 
San Francisco, Calif. 
Birmingham, Ala. 
Belmont, Mass. 
Johnstown, Pa. 
Seattle, Wash, 
Washington, D. C. 
East Pittaburgh, Pa. 
Austin, Tex. 
Portland, Oreg. 
New York, N. Y. 


J. T. Madill 
Bh, F. Maryatt 
A. H, Mergenthaler 
I, E. Moultrop 

D. R. Pattison 

A. L, Pollard 

1, S. Randall 

M. D. Ross 

G. E, Schmitt 

R. GC, Schuknecht 
B, G, A, Skrotzki 
W. E. Taylor 

Toronto, Ontario, Canada 

CG, W. Watchorn Baltimore, Md. 
W. F, Wetmore Detroit, Mich, 
R. R. Wisner Boston, Mass, 
G. R, Woodman Los Angeles, Calif. 


Prime Movers Subcommittee 


B. G. A. Skrotzki, Chairman; Associate 
Editor, Power, 330 West 42d Street, 
New York 18, N. Y. 

E. P. Bryant Los Angeles, Calif. 

A. D. Caskey Chicago, Il. 

G. P. Gamble St. Louis, Mo. 

J. A. Hooper Portland, Oreg. 

I. E, Moultrop Belmont, Mass, 

G. S. Randall Washington, D. C. 

R, R. Wisner Boston, Mass. 


Speed 


mittee 


Governing Subcom- 


J.B. McClure, Chairman; General Electric 
Sompany, Central Station Engineer- 
ing Division, Schenectady 5, N. Y. 
R, EB. Appleyard Milwaukee, Wis, 
CG, P. Almon, Jr. Chattanooga, Tenn, 
R. M, Beville Chicago, Il. 
P. Hayward Pittsburgh, Pa. 
H. Mawson Birmingham, Ala, 
G. HA. McDaniel New York, N. Y. 
F. L. Reinmann Michigan City, Ind, 


ne 


Excitation 
mittee 


Systems Subcom- 


A, J. Krapy, Chairman; Commonwealth 
Edison Company, 72 West Adams 
Street, Chicago 90, Ill. 

J. B. Barkle, Jr, Vtee-Chairman 

East Pittsburgh, Pa, 

Milwaukee, Wis. 
Denver, Colo, 
Jackson, Mich, 
Portland, Oreg, 
Lynn, Mass. 
New York, N.Y. 

Los Angeles, Calif. 

Schenectady, N.Y, 

East Pittsburgh, Pa 


H.W. Cory 

S. M. Denton 

BK. F, Dissmeyer 
Alex Dovjikov 

CG, B. Fontaine, Jr. 
J. H. Kinghorn 

CG, J. Manner 

J. BL McClure 

CG, E, Valentine 


Station Design Subcommittee 


D. R. Pattison, Charman; Pennsylvania 
Electric Company, 222 Livergood 
Street, Johnstown, Pa, 

H. B, Deardortt Dayton, Ohio 

GC, A. Harrington Cleveland, Ohio 

H.R. Harris Detroit, Mich. 

W. W, Perry Binghamton, N. Y, 

R. R. Wisner Boston, Mass. 


Hydroelectric Systems Subcom- 
mittee 


F. L. Lawton, Chairman; Aluminum 
Laboratories, Ltd., 1800 Sun Life 
Building, Montreal, Quebec, Canada 

S. M. Denton Denver, Colo, 

J. D. Harper Alcoa, Tenn. 

J. T. Madill Shipshaw, Quebec, Canada 

E. F. Maryatt San Francisco, Calif. 

A. L. Pollard Seattle, Wash. 

G. F. Simson Toronto, Ontario, Canada 

G, R. Woodman Los Angeles, Calif. 


Pacific Coast Subcommittee 


E. P. Bryant, Chairman; Department of 
Water and Power, City of Los 
Angeles, 207 South Broadway, Los 
Angeles 12, Calif. 

S. M. Denton 

Alex Dovjikov 


Denver, Colo. 
Portland, Oreg. 


V. H. Estcourt San Francisco, Calif. 
N. G. Holmdahl Coulee Dam, Wash. 
E. F. Maryatt San Francisco, Calif. 
A. L. Pollard Seattle, Wash. 
G. 


R. Woodman Los Angeles, Calif. 


Power Generation Liaison Representative to 
Gas Turbine Power Division of ASME 

B, G. A, Skrotzki, c/o “Power,” 330 West 
42nd Street, New York 18, N. Y. 


Committee on Protective 
Devices 


H. R. Stewart, Chairman; New England 
Power Service Company, 441 Stuart 
Street, Boston 16, Mass. 

A. A, Johnson, Vice-Chairman 

East Pittsburgh, Pa. 

E. H. Yonkers, Secretary Chicago, Il. 

S. E, Caldwell Portland, Oreg. 

D. D. Clarke Kansas City, Mo. 

J. E. Clem Schenectady, N. Y. 

J. O'R. Coleman Boston, Mass, 

L. M. Connors Toronto, Ontario, Canada 

H. A. Cornelius Chicago, III. 

F. M. Defandorf Washington, D. C. 


G. K. Ditlow Washington, D. C. 
G. B. Dodds Pittsburgh, Pa. 
J. R. Eaton Lafayette, Ind. 


T. I. Eldridge 


Philadelphia, Pa. 
Byron Evans 


Denver, Colo. 


O. L, Giersch Charlotte, N. C. 
E. M. Hunter Schenectady, N. Y. 
P. A, Jeanne New York, N. Y. 
K. H. Kidd Toronto, Ontario, Canada 
W. A. Lewis, Jr. Chicago, III. 
F. R. Longley Springfield, Mass. 
W. A. McMorris Pittsfield, Mass. 
R. H. Mertz Detroit, Mich. 
R. E. Neidig Reading, Pa. 
Einar Nilsson San Francisco, Calif. 
E. G. Norell Chicago, Ill. 
A.M, Opsahl East Pittsburgh, Pa. 
H. L. Rorden Portland, Oreg. 
H, O. Stoelting South Milwaukee, Wis. 
J. M. Towner Baltimore, Md. 
S. S. Watkins New York, N. Y. 


Fault Limiting Devices Sub- 
committee 


E. M. Hunter, Chairman; General Electric 
Company, Schenectady, N. Y. 
L, J. Blaize Dallas, Tex. 


V. J. Cissna Chattanooga, Tenn. 
J. E. Clem Schenectady, N. Y. 
Cc. L. Derrick Hartford, Conn. 
Byron Evans Denver, Colo. 
L. F. Ferri Jackson, Mich. 
O. L. Giersch Charlotte, N. C. 
E. T. B. Gross Chicago, IIL. 
W. D. Hardaway Denver, Colo, 
P. A. Jeanne New York, N. Y. 
A. A, Johnson East Pittsburgh, Pa. 
CG, GC, Jones Birmingham, Ala. 


W. A. Lewis, Jr. 
F. R. Longley 
Cort Lowerison 


Chicago, Ill. 
Springfield, Mass. 
Los Angeles, Calif. 


Corbett McLean Portland, Oreg. 
R. E. Neidig Reading, Pa, 
Einar Nilsson San Francisco, : 
E. G. Norell Chicago, Ill. 
H. D. Ruger Sparrows Point, Md. 
J. G. Russ Pittsfield, Mass. 
L. E. Saver Sharon, Pa, 
O. L. Sidenfaden Los Angeles, Calif. 
S. S. Watkins New York, N. Y. 


Officers and Commitiees 1951-1952 


“a 
Y) 
Working Greups: 

(1). Application Guide on Methods of Neutra! 

Grounding Transmission Systems 
E. M. Hunter, Chairman; General Electric 

Company, Schenectady, N. Y. 
H. W. Hartzell Jackson, Mich. 
A. A. Johnson East Pittsburgh, Pa. 
R. E. Neidig Reading, Pa. 
(2). Application Guide for the Grounding of 

Synchronous Generator Systems 


A. A. Johnson, Chairman; Westinghouse 
Electric Corporation, East ,Pitts- 
burgh, Pa. 

E. M. Hunter Schenectady, N. Y. 

D. M. MacGregor New York, N. Y. 

E. G. Norell Chicago, III. 

W. T. Smith Washington, D. C, 


(3). Guide for Application of Ground-Fault 
Neutralizers 
J. E. Clem, Chairman; General Electric 


Company, Schenectady, N. Y. 
H. H, Brown 


S. S. Cook Sharon, Pa. 
N. E. Dillow Schenectady, N. Y. 
W. D. Hardaway Denver, Colo. 
R. E, Neidig Reading, Pa. 
P. B. Speer Minneapolis, Minn. 


Lightning Protective Devices 
Subcommittee 


J. M. Towner, Chairman; Consolidated 

Gas, Electric Light and Power 

Company, Madison Street Building, 
Baltimore 3, Md. 

. Grosser, Secretary Chicago, Ill. 

. Caldwell Portland, Oreg. 

. Connors Toronto, Ontario, Canada 

. Cornelius Chicago, Ill. 

. Defandorf Washington, D. C. 

. Ditlow Washington, D. C. 

Lafayette, Ind. 

Philadelphia, Pa. 

Jackson, Mich. 

New York, N. Y. 

Pittsfield, Mass. 

Chicago, III. 

New York, N. Y. 

Pittsburgh, Pa. 

Schenectady, N. Y. 


. Eldridge 
. Griffard 
. Gross 
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. B. Johnson 
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. W. Kalb Barberton, Ohio 
- N. McClure East Pittsburgh, Pa. 
. H. Mertz Detroit, Mich. 
. M. Opsahl East Pittsburgh, Pa. 
H. L. Rorden Portland, Oreg. 


H. O. Stoelting South Milwaukee, Wis. 

Working Groups: 

(1). Lightning Arrester Performance Charac- 
teristics 

E. H. Grosser, Chairman; Commonwealth 
Edison Company, Chicago, IIl. 

T. I. Eldridge Philadelphia, Pa, 

S. B. Howard Pittsfield, Mass. 

J. W. Kalb Barberton, Ohio 

A. M. Opsahl East Pittsburgh, Pa. 

H. O, Stoelting South Milwaukee, Wis. 

(2). Survey of Direct Stroke Shielding of 

Substations 

J. R. Eaton, Chairman; 

sity, Lafayette, Ind. 


Purdue Univer- 


J. W. Kalb Barberton, Ohio 
F. E, Leib Glassport, Pa. _ 
T. H. Mawson Birmingham, 
A.M, Opsahl East Pittsburgh, 
H, L. Rorden Portland, Oreg. 


(3). Combined Lightning Arrester Standard 
E. M. Defandorf, Chairman; National 
Bureau of Standards, Washington, 


D. GC. 
L. B. Crann Alexandria, Va. 
T. I. Eldridge Philadelphia Pa. 
I. W. Gross New York, N. Y. 
E. H. Grosser Chicago, Il. 
S. B. Howard Pittsfield, Mass. 
A. M. Opsahl East Pittsburgh, Pa. 
H. O. Stoelting South Milwaukee, Wis. 
E. H. Yonkers Chicago, Ill. 
(4). Application Guide for Protection of 
Substations 
H. A. Cornelius, Chairman; Public Service 
Company of Northern — Illinois, 
Chicago, Il. - 
W. F. Griffard Jackson, Mich. 
S. B. Howard Pittsfield, Mass. 
R. H. Mertz Detroit, Mich. 
A.M. Opsahl East Pittsburgh, Pa. 
P. M. Ross Mansfield, Ohio 
E. R. Whitehead Chicago, Ill. 


ATEE TRANSACTIONS 


Cedar Rapids, Iowa © 


Co-ordination of Insulation 


Subcommittee 


J. E. Clem, Chairman; Central Station 
Engineering Division, General Elec- 
tric Company, Schenectady 5, N. Y. 

(Members to be selected at need) 


Committee on Relays 


A. J. McConnell, Chatrman; General 
Electric Company, 1 River Road, 
Schenectady 5, N. Y. 

W. E. Marter, Vice-Chairman 

Pittsburgh, Pa. 

Frank von Roeschlaub, Secretary 

New York, N. Y. 
Portland, Oreg. 

East Pittsburgh, Pa. 

Portland, Oreg. 
Fort Wayne, Ind. 


A. W. Adams 

J. E. Barkle, Jr. 
M. A. Bostwick 
J. W. Bowman 


R. J. Cooper Atlanta, Ga. 
R. E. Cordray Philadelphia, Pa. 
G. E. Dana Binghamton, N. Y. 
L. L. Draper Los Angeles, Calif. 
M. A. Faucett Urbana, II. 
F. S. Fehr Reading, Pa. 
L. F. Ferri Jackson, Mich. 
L. L. Fountain East Pittsburgh, Pa. 
Sidney Goldsmith Cincinnati, Ohio 
E, T. B. Gross Chicago, Ill. 
T. R. Halman Detroit, Mich. 
G. W. Hampe Chicago, Ill. 
V. J. Hayes Waterbury, Conn. 
B. C. Hicks Montreal, Quebec, Canada 
R. O. Hopkins Beaumont, Tex. 
J. H. Kinghorn New York, N. Y. 
R. A. Larner Fort Worth, Tex. 
S. C. Leyland Newark, N. J. 
H. F. Lindemuth New York, N. Y. 
J. R. Linders Cleveland, Ohio 
Cort Lowerison Los Angeles, Calif. 
H. A. McLaughlin Poughkeepsie, N. Y. 
G. W. McKenna Philadelphia, Pa. 
M. S. Merritt Chattanooga, Tenn. 
M. P. Osburn Toronto, Ontario, Canada 
Cc. E. Parks Plainfield, Ind. 
H. P. Sleeper Newark, N, J. 
W. K. Sonnemann Newark, N. J. 
G. S. Steeb Buffalo, N. Y. 
R. W. World Denver, Colo. 


Project Committee on Bibliog- 

raphy of Relay Literature 

E. T. B. Gross, Chairman and Sponsor; 
Illinois Institute of Technology, 3300 
Federal Street, Chicago 16, IIl. 

Sidney Goldsmith Cincinnati, Ohio 

C. E. Parks Indianapolis, Ind. 

Cc. L. Smith Rochester, N. Y. 


Project Committee on Co-ordi- 
nation of Construction and Pro- 
tection of Distribution Circuits 
(Joint with Distribution Sub- 
committee and Edison Electric 
Institute) 

G. B. Dodds, AIEE Chairman and Sponsor; 


Duquesne Light Company, 435 Sixth 
Avenue, Pittsburgh 19, Pa. 


R. O. Askey Chicago, Ill. 
G. G. Auer Schenectady, N. Y. 
T. J. Brosnan Buffalo, N. Y. 
Harold Cole Detroit, Mich. 


C, L. Headley 
Cort Lowerison 


Baltimore, Md. 
Los Angeles, Calif. 


H. F. Ostman St. Louis, Mo. 

C. L. Smith Rochester, N. Y. 

C. J. Beller, EEI Chairman and Sponsor; 
Cleveland Electric Illuminating 
Company, 75 Public Square, Cleve- 
land 1, Ohio 

G. E. Dean Newark, N. J. 

G. H. Fiedler Rochester, N. Y. 

W. P. Holben Pittsburgh, Pa. 


A. L. Malmstrom Detroit, Mich. 


Project Committee on Revision 
of Standards for Power Relays 


J. R. Linders, Chairman and Sponsor; 
Cleveland Electric Illuminating 
Company, 75 Public Square, Cleve- 
land 1, Ohio 

R. E. Cordray Philadelphia, Pa. 

V. L. Cox Philadelphia, Pa. 

L. L. Fountain East Pittsburgh, Pa. 
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W. A. Lewis Chicago, Ill. 
S. C. Leyland Newark, N. J. 
E. L. Michelson Chicago, Ill. 
W. A. Morgan Denver, Colo. 
H. P. Sleeper Newark, N. J. 
G. S. Steeb Buffalo, N. Y. 


Project Committee on Trans- 
mission-Line Protection 
J. H. Kinghorn, Chairman and Sponsor; 


American Gas and Electric Service 
Corporation, 30 Church Street, New 


York 7, N. Y. 
L. J. Audlin Syracuse, N. Y. 
J. E. Barkle, Jr. East Pittsburgh, Pa. 
W. R. Brownlee Birmingham, Ala. 
B. C. Hicks Montreal, Quebec, Canada 
W. A. Lewis Chicago, Il. 
W. E. Marter Pittsburgh, Pa. 
A. J. McConnell! Schenectady, N. Y. 
M. S. Merritt Chattanooga, Tenn. 
E. L. Michelson Chicago, Il. 
C. E. Parks Indianapolis, Ind. 
K. N. Reardon Pittsburgh, Pa. 


Project Committee on Elec- 
tronic Relay Applications 
F. S. Fehr, Chairman and Sponsor; Metro- 


politan Edison Company, 412 Wash- 
ington Street, Reading, Pa. 


J. E. Barkle, Jr. East Pittsburgh, Pa. 
R. J. Cooper Atlanta, Ga. 
L. F. Ferri Jackson, Mich. 
E, L. Harder East Pittsburgh, Pa. 
J. H. Kinghorn New York, N. Y. 


D. M. MacGregor 
E. L. Michelson 


New York, N. Y. 
Chicago, II], 


Project Committee on Relaying 

of Interconnections Between 

Industrial and Utility Generat- 

ing Systems 

T. R. Halman, Chairman and Sponsor; 
Detroit Edison Company, 2000 


Second Avenue, Detroit 26, Mich. 
J. E. Barkle, Jr. East Pittsburgh, Pa. 


G. E. Dana Binghamton, N. Y. 
F. S. Fehr Reading, Pa. 
J. R. Linders Lakewood, Ohio 


Project Committee on Relaying 
Performance of Current Trans- 
formers (Emphasis on High 
Impedance Secondary Types) 

W. E. Marter, Chairman and Sponsor; 


Duquesne Light Company, 435— 
6th Avenue, Pittsburgh 19, Pa. 


J. E. Barkle, Jr. East Pittsburgh, Pa. 
J. E. Clem Schenectady, N. Y. 
R. E. Cordray Philadelphia, Pa. 
W. K. Dickinson Lynn, Mass. 
T. R. Halmao Detroit, Mich. 
W. A. Lewis Chicago, II. 
W. K. Sonnemann Newark, N. J. 
E. C. Wentz Sharon, Pa. 


Project Committee on Remote 
Tripping Schemes 


H. P. Sleeper, Chairman and Sponsor; 
Public Service Gas and Electric Com- 
pants 80 Park Place, Newark 2, 


N. J. 
Jo La Blackburn 


Newark, N. J. 
M. A. Bostwick Portland, Oreg. 
T. A. Cramer Schenectady, N. Y. 
Sidney Goldsmith Cincinnati, Ohio 
G. W. Hampe Chicago, II. 
V. J. Hayes Waterbury, Conn. 
S. C. Leyland Newark, N. J. 


Project Committee on Pilot 
Wires 
H. F. Lindemuth, Chairman and Sponsor; 


Consolidated Edison Company of 
New York, Inc., 4 Irving Place, New 


York 3, N. Y. 
M. A. Bostwick Portland, Oreg. 
J. L. Davidson, Jr. Mineola, N. Y. 
W. E. Marter Pittsburgh, Pa. 
A. J. McConnell Schenectady, N. Y. 


New York, N. Y. 
Philadelphia, Pa. 
Chicago, Ill. 
Newark, N. J. 


J. L. McKee 
G..W. McKenna 
E. L. Michelson 
W. K. Sonnemann 


Project Committee on Effect 
of Shock and Vibration on 
Relays 


C. E. Asbury, Chairman and Sponsor; 
Commonwealth Services, Inc., 7 
Hayes Street, Jackson, Mich. 


R. E, Cordray Philadelphia, Pa. 
M. A. Faucett Urbana, II. 
T. R. Halman Detroit, Mich. 
H. F. Lindemuth New York, N. Y. 
W. K. Sonnemann Newark, N. J. 
G. S. Steeb Buffalo, N. Y. 
R, I. Ward Chicago, Ill. 
Project Committee on Test 
Methods 

G. E. Dana, Chairman and _ Sponsor; 


New York State Electric and Gas 
Corporation, 62 Henry Street, Bing- 


hamton, N. Y. 
R. E. Cordray Philadelphia, Pa. 
L. F. Ferri Jackson, Mich, 
T. R. Halman Detroit, Mich. 
J. E. Lange Pittsburgh, Pa, 
R. A. Larner Fort Worth, Texas 
W. A. Morgan Denver, Colo. 
W. K. Sonnemann Newark, N. J. 


Committee on Rotating 
Machinery 


C. G. Veinott, Chairman; Induction 
Motor Section, Westinghouse Elec- 
tric Corporation, Lima, Ohio 


E. I. Pollard, Vice-Chairman Ridgway, Pa. 
L. W. Buchanan, Secretary Lima, Ohio 
P. L. Alger Schenectady, N. Y. 
W. R. Appleman Dayton, Ohio 
R. E. Arnold Lynn, Mass. 
C. E. Asbury Jackson, Mich. 
M. A. Baker Fort Wayne, Ind. 


Sterling Beckwith 
L. J. Berberich 


Milwaukee, Wis. 
East Pittsburgh, Pa. 


B. H. Caldwell Schenectady, N. Y. 
C. F. Cameron Sullwater, Okla. 
E, A. Crellin San Francisco, Calif. 
James DeKiep Minneapolis, Minn. 
L. O. Dorfman New York, N. Y. 
W. H. Fifer Washington, D. C. 
L, T. Fisher Portland, Oreg. 
D. E. Fritz Cleveland, Ohio 
J. L. Fuller Cleveland, Ohio 
R. W. Gaskins St. Louis, Mo. 


Cleveland, Ohio 
East Pittsburgh, Pa. 
Buffalo, N. Y. 
Buffalo, N. Y. 


Lanier Greer 

A. M. Harrison 
C. B. Hathaway 
S. F. Henderson 


W. R. Hough Cleveland, Ohio 
J. W. Jones Philadelphia, Pa. 
G. H. Jump Boston, Mass. 
Richard Lamborn Erie, Pa. 
I. M. Levy Dayton, Ohio 
T. M. Linville Schenectady, N. Y. 
M. R. Lory East Pittsburgh, Pa. 
W. E. Meserve Ithaca, N. Y. 
C. F. Miller Baltimore, Md. 
R. C. Moore Milwaukee, Wis. 
R. F. Munier St. Louis, Mo. 
J. G. Noest New York, N, Y. 
C. P. Potter St. Louis, Mo. 
F, C. Rushing Buffalo, N. Y. 
M. L. Schmidt Fort Wayne, Ind. 
H. R. Sills Peterboro, Ontario, Canada 
P. H. Trickey St. Louis, Mo. 
J. J. Unger Cleveland, Ohio 
J. H. Vivian Los Angeles, Calif. 
R. W. Wieseman Schenectady, N. Y. 
W. W. Wishard Chicago, III. 


Administrative Subcommittee 


C. G. Veinott, Chairman; Induction 
Motor Section, Westinghouse Elec- 
tric Corporation, Lima, Ohio 

E. I. Pollard, Vice-Chairman 


Ridgway, Pa. 
L. W. Buchanan, Secretary Lima, Ohio 
R. E. Arnold Lynn, Mass. 


L. J. Berberich 
Lanier Greer 


East Pittsburgh, Pa. 
Cleveland, Ohio 


S. F. Henderson Buffalo, N. Y. 
M. R. Lory East Pittsburgh, Pa. 
R. F. Munier St. Louis, Mo. 
E. I. Pollard Ridgway, Pa. 
P. H. Trickey St. Louis, Mo. 


Officers and Committees 1951-1952 


Synchronous Machinery Sub- 
committee 


M. R. Lory, Chairman; Westinghouse 


Electric Corporation, East  Pitts- 

burgh, Pa. 
C. E. Asbury Jackson, Mich. 
Sterling Beckwith Milwaukee, Wis. 
J. F. Calvert Evanston, III. 
S. B. Crary Schenectady, N. Y. 
E. A. Crellin San Francisco, Calif. 
James DeKiep Minneapolis, Minn. 
L. O. Dorfman New York, N. Y. 
L. T. Fisher Portland, Oreg. 
R. W. Gaskins St. Louis, Mo. 
E. L. Harder East Pittsburgh, Pa. 
D. B. Harrington Schenectady, N. Y. 
J. W. Jones Philadelphia, Pa. 


Cc. E, Kilbourne 
L. B. LeVesconte 


Schenectady, N. Y. 
Chicago, Ill. 


J. G. Noest New York, N. Y. 
E. I. Pollard Ridgway, Pa. 
R. V. Shepherd Schenectady, N. Y. 
C. L. Sidway Los Angeles, Calif. 


H. R. Sills Peterboro, Ontario, Canada 


J. H. Vivian Los Angeles, Calif. 
E. C. Whitney East Pittsburgh, Pa. 
S. S. Wolff Reading, Pa. 
Induction Machinery Sub- 
committee 


S. F. Henderson, Chairman; Westinghouse 
Electric Corporation, Buffalo, N. Y. 


P. L. Alger Schenectady, N. Y. 
E, C. Barnes Cleveland, Ohio 
L. A. Burckmyer, Jr. Ithaca, N. Y. 
C. F. Cameron Stillwater, Okla. 
R. W. Gaskins St. Louis, Mo, 
W. R. Hough Cleveland, Ohio 
J. J. Kirkish Milwaukee, Wis. 
C, J. Koch Schenectady, N. Y. 
I. M. Levy Dayton, Ohio 
T. GC. Lloyd Springfield, Ohio 
R. C. Moore Milwaukee, Wis. 
J. G. Noest New York, N. Y. 
E. I. Pollard Ridgway, Pa. 
C. P. Potter St. Louis, Mo. 
F. C. Rushing Buffalo, N. Y. 
P, H. Trickey St. Louis, Mo. 
S. S. Wolff Reading, Pa. 


D-C Machinery Subcommittee 


Lanier Greer, Chairman; Reliance Elec- 
tric and Engineering Company, 
1088 Ivanhoe Road, Cleveland 10, 


Ohio 
M. A. Baker Fort Wayne, Ind. 
B. H. Caldwell, Jr. Schenectady, N. Y. 
C. F. Cobb Cincinnati, Ohio 
W. H. Fifer Washington, D. C, 
D. E. Fritz Cleveland, Ohio 


A. M. Harrison East Pittsburgh, Pa. 


C. B, Hathaway Buffalo, N. Y. 
L. H. Hirsch St. Louis, Mo. 
H. E. Koenig Urbana, III. 
Richard Lamborn Erie, Pa. 
Paul Lebenbaum, Jr. Lynn, Mass. 


T. J. Martin 
A. T. McClinton 


Seattle, Wash. 
Washington, D. C. 


W. E. Meserve Ithaca, N. Y. 
L. G. Opel Buffalo, N. Y. 
W. J. Prise New York, N. Y. 
R. M. Saunders Berkeley, Calif. 
J. H. Schneider Ridgway, Pa. 
G. O. Schwandt Wausau, Wis. 


J. J. Unger Cleveland, Ohio 


Single-Phase and Fractional- 
Horsepower Subcommittee 


R. F. Munier, Chairman; Emerson 
Manufacturing Company, 8100 
Florissant Avenue, St. Louis 21, Mo, 

W. R. Appleman Dayton, Ohio 


Nick Bratu Chicago, Ill. 
C. F, Cameron Stillwater, Okla. 
E. P. Codling Cleveland Heights, Ohio 
L. H. Hirsch St. Louis, Mo. 
E. E. Kimberly Columbus, Ohio 
I. M. Levy Dayton, Ohio 
T. C. Lloyd Springfield, Ohio 
Cc. F. Miller Baltimore, Md. 
L. C. Packer Springfield, Maas. 
C. P. Potter St. Louis, Mo. 
L. C. Schaefer Lima, Ohio 
M. L. Schmidt Fort Wayne, Ind. 
P. H. Trickey St. Louis, Mo. 
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Test Code Subcommittee 
R. E. Arnold, Chairman; General Electric 


Company, 920 Western Avenue, 

West Lynn, Mass. 
T. E. M. Carville Lima, Ohio 
J. L. Fuller Cleveland, Ohio 
H. C. Marcroft Lancaster, Pa. 
R. F. Munier St. Louis, Mo. 
E. H. Myers East Pittsburgh, Pa. 
E. B. Paxton Schenectady, N. Y. 
E. I. Pollard Ridgway, Pa. 


Insulation Subcommittee 


L. J. Berberich, Chairman; Westinghouse 
Electric Corporation, Research 
Laboratories, East Pittsburgh, Pa. 


P. L. Alger Schenectady, N. Y. 
O. D. Butler Chicago, Il. 
E. A. Crellin San Francisco, Calif. 
E. B. Curdts Philadelphia, Pa. 
P. A. Emmons Badin, N. C, 
W. T. Gordon Lima, Ohio 
D. D. Higgins Chicago, Ill. 
W. R. Hough Cleveland, Ohio 
J. W. Jones Philadelphia, Pa. 
T. A. Kauppi Midland, Mich. 
M. S. Kirwen Jackson, Mich. 
J. L. Kuehlthau Milwaukee, Wis. 
H. C. Marcroft Lancaster, Pa. 
G. L. Moses East Pittsburgh, Pa. 
E. I. Pollard Ridgway, Pa. 
E. H. Povey Belmont, Mass. 
Cc. L. Sidway Los Angeles, Calif. 
J. B. Swering Hartford, Conn. 
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Boston, Mass, 
Washington, D. C. 
Schenectady, N. Y. 


A. L. VanEmden 
R. W. Wieseman 


Electric Coupling Subcommittee 


P. H. Trickey, Chairman; Vickers Electric 
Division, St. Louis, Mo. 
James DeKiep Minneapolis, Minn. 


R. F, Edwards Ridgway, Pa. 
E. H. Fredericks Kenosha, Wis. 
L. M. Goldsmith Philadelphia, Pa. 
R. L. Jaeschke Kenosha, Wis. 
M. R. Lory East Pittsburgh, Pa. 
J. A. Mason Beloit, Wis. 
Jacob Rabinow Washington, D. C, 
M. L. Schmidt Fort Wayne, Ind. 
Bibliography and _ Publicity 
Subcommittee 
E. I. Pollard, Chairman; Elliot Company, 
Ridgway, Pa. 
R. E. Arnold Lynn, Mass. 
M. A. Baker Fort Wayne, Ind. 
R. A. Farrell Cleveland, Ohio 
J. W. Jones Philadelphia, Pa. 
I. M. Levy Dayton, Ohio 
M. R. Lory East Pittsburgh, Pa. 
E. C. Starr Corvallis, Oreg. 


Committee on Substations 


R. GC. Ericson, Chairman; Northern 
Indiana Public Service Company, 
5265 Hohman Avenue, Hammond, 
Ind. 

K,. L. Wheeler, Vice-Chairman 

Cleveland, Ohio 
Chicago, Ill. 
Atlanta, Ga. 

Philadelphia, Pa. 

Boston, Mass. 


N. G. Larson, Secretary 
T. J. Allen 

Herman Bany 

Harris Barber 


R. O. Bell Milwaukee, Wis. 
F. J. Berger Philadelphia, Pa. 
J. L. Buckley San Francisco, Calif. 
H. P. Cadario Toronto, Ontario, Canada 
F. J. Chapin Albany, N. Y. 
Cc. C. Crane Madison, Wis. 
M. V. Eardley Los Angeles, Calif. 
G. P. Fallon Baltimore, Md. 
H, F. Gidlund Denver, Colo. 
E. M. Hunter Schenectady, N. Y. 
S. C. Killian Chicago, Ill. 
W. M. Larson Minneapolis, Minn, 
R. F. Lawrence East Pittsburgh, Pa. 
F. W. Linder LaCrosse, Wis. 
F. J. Maas Portland, Oreg. 
W. M. McCauley Greensburg, Pa. 
J. L. McKee New York, N. Y, 
I. S. Mendenhall Detroit, Mich, 
K. E, Personius Elmira, N. Y. 
P. R. Pierson East Pittsburgh, Pa. 
M. E. Reagan East Pittsburgh, Pa. 
J. H. Rixse, Jr. Washington, D. C. 
O. J. Rotty St. Louis, Mo. 
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W. S. Scheering Springfield, Mass, 
C. H. Smoke Portsmouth, Va. 
R. F. Stevens Portland, Oreg. 


Executive Subcommittee 


R. GC. Ericson, Chairman; Northern In- 
diana Public Service Company, 5265 
Hohman Avenue, Hammond, Ind. 


M. V. Eardley Los Angeles, Calif. 
N. G. Larson Chicago, Ill. 
I. S. Mendenhall Detroit, Mich. 
M. E. Reagan East Pittsburgh, Pa. 
K. L. Wheeler Cleveland, Ohio 
Automatic and Supervisory 


Control Subcommittee 


M. E. Reagan, Chairman; Switchboard 
Engineering Department, Westing- 


house Electric Corporation, East 

Pittsburgh, Pa. 
T. J. Allen Atlanta, Ga. 
Herman Bany Philadelphia, Pa. 
R. O. Bell Milwaukee, Wis. 
J. F. Bracken Chicago, IIl. 
B. D. Dexter San Francisco, Calif. 
W. M. Larson Minneapolis, Minn. 
J. L. McKee New York, N. Y. 
J. W. Savage Los Angeles, Calif. 


Distribution and Conversion 
Substation Subcommittee 


W. S. Scheering, Chairman; Western 
Massachusetts Electric Company, 
Springfield, Mass. 

T. J. Allen Atlanta, Ga. 

Herman Bany Philadelphia, Pa. 

R. O. Bell Milwaukee, Wis. 

F. J. Chapin Albany, N. Y. 

E, R. Coop Providence, R. I, 

Cc. C. Crane Madison, Wis. 

M. V. Eardley Los Angeles, Calif. 

G. P. Fallon Baltimore, Md. 

E. M. Hunter Schenectady, N. Y. 

F. W. Linder LaCrosse, Wis. 

I. S. Mendenhall Detroit, Mich. 

P. R. Pierson East Pittsburgh, Pa. 

O. J. Rotty St. Louis, Mo, 


Transmission Substation Sub- 
committee 


I. S. Mendenhall, Chairman; The Detroit 


Edison Company, 2000 Second 
Avenue, Detroit 26, Mich. 
T. J. Allen Atlanta, Ga. 
Harris Barber Boston, Mass. 
F. J. Berger Philadelphia, Pa. 
J. L. Buckley San Francisco, Calif. 
H. P. Cadario 
Toronto, Ontario, Canada 
H, F. Gidlund Denver, Colo. 
E. M. Hunter Schenectady, N. Y. 
S. C. Killian Chicago, Ill. 
N. G. Larson Chicago, III. 
F. W. Linder LaCrosse, Wis. 
W. M. McCauley Greensburg, Pa. 
J. H. Rixse, Jr. Washington, D. C. 
W. S. Scheering Springfield, Mass. 
R. F. Stevens Portland, Oreg. 


A. Working Group on Device 
Function Numbers 


Herman Bany, Chairman; General Electric 
Company, 6901 Elmwood Avenue, 
Philadelphia 42, Pa. 

L. B. LeVesconte 

M. E. Reagan 

M. S. Schneider 


Chicago, Ill. 
East Pittsburgh, Pa. 
Cincinnati, Ohio 


B. Working Group on Sub- 
station Grounding Practice 


H. F. Gidlund, Chairman; Public Service 
Company of Colorado, 810—15th 
Street, Denver 2, Colo. 


F. J. Berger Philadelphia, Pa. 
M. K. Brown Buffalo, N. Y. 
F. R. Longley Springfield, Mass. 
J. M. Towner Baltimore, Md. 


C. Working Group on Recti- 
fier Switchgear 


M. E. Reagan, Chairman; Switchgear 
Engineering Department, Westing- 


house Electric Corporation, East 
Pittsburgh, Pa. 
D. C. Hoffman Philadelphia, Pa. 


D. Working Group on Project 
10—Basic Structural Design of 
Outdoor Stations 


R. F. Stevens, Chairman; Bonneville 
Power Administration, Portland, 
Oreg. 

F. J. Chapin Albany, N. Y. 


E. Working Group on Project 
11—Breakers versus Reclosing 
Fuses 


Herman Bany, Chairman; General Electric 
Company, Philadelphia, Pa. 


T. J. Allen Atlanta, Ga. 
F. J. Chapin Albany, N. Y. 
Cc. GC. Crane Madison, Wis. 
I. S. Mendenhall Detroit, Mich. 
M. E. Reagan East Pittsburgh, Pa. 


F. Working Group on Project 
20—Standardization of Factory- 
Designed Substations 


R. O. Bell, Chairman; Allis-Chalmers 
Manufacturing Company, Mil- 
waukee, Wis. 

D. W. Anderson Hammond, Ind. 

E. M. Hunter Schenectady, N. Y. 

P. R. Pierson East Pittsburgh, Pa. 


W. S. Scheering Springfield, Mass. 


G.- Working Group on Project 

21—Safety Consideration in 

Substations 

H. P. Cadario, Chairman; Hydro-Electric 
Power Commission of Ontario, 620 


University Avenue, Toronto, On- 
tario, Canada 
N. G. Larson Chicago, Ill. 
J. H. Rixse, Jr. Washington, D. C. 
R. F. Stevens Portland, Oreg. 


H. Working Group on Project 
51.1—Recommended Minimum 
Clearances 


S. C. Killian, Chairman; Delta-Star 
Electric Company, Chicago, III. 


T. J. Allen Atlanta, Ga. 
F. J. Berger Philadelphia, Pa. 
E. M. Hunter Schenectady, N. Y. 
K. E. Personius Elmira, N. Y. 
C. H. Smoke Portsmouth, Va. 


Committee on Switchgear 


H. V. Nye, Chairman; Allis-Chalmers 
Manufacturing Company, West Allis, 
Wis. 


R, L, Webb, Vice-Chairman 

New York, N. Y. 
J. M. Geiger, Secretary Buffalo, N. Y. 
R. M. Bennett Philadelphia, Pa. 
F. S. Benson San Francisco, Calif. 
H. F. Brown New Haven, Conn, 
J. S. Brown Pittsburgh, Pa. 
E. A, Childerhose Boston, Mass. 
H. W. Codding Newark, N. J. 
V. L. Cox Philadelphia, Pa. 
G. K. Ditlow Washington, D. C. 
J. A. Elzi Jackson, Mich. 
W. E. Enns Portland, Oreg. 
K. J. C. Falck Philadelphia, Pa. 
W. J. Gilson Toronto, Ontario, Canada 
J. W. Graff Birmingham, Ala. 
C. W. Gragg Amarillo, Tex. 
V. J. Hayes Waterbury, Conn. 
M. H. Hobbs East Pittsburgh, Pa. 
W. G. Hoover Stanford, Calif. 
C. L. Killgore Denver, Colo. 
I. T. Knight Kansas City, Mo. 
F. A. Lane New York, N. Y. 
W. G. Lewis Hyde Park, Mass. 
H, L. Lowe J New York, N. Y. 
F. W. McCloska Chicago, Ill. 
W. J. McLachlan Schenectady, N. Y. 
D. J. Marsden San Francisco, Calif. 
R. G. Meyerand St. Louis, Mo. 
E. F, Miller Davenport, Iowa — 
V.J. Muzsnay Schenectady, N. Y. 
E. K, Sadler Los Angeles, Calif. 
A. W. Shelhorse Atlanta, Ga. 
J. F. Sinnott San Diego, Calif. 
Garland Stamper Dayton, Ohio 
E. A. Stroberg Boston, Mass. 


Anthony Van Ryan So. Milwaukee, Wis. 


J. H. Vivian Los Angeles, Calif. 
C. P. West East Pittsburgh, Pa. 
W. F. Wetmore Detroit, Mich. 
C, E. Winegartner Cleveland, Ohio 
J. D. Wood Philadelphia, Pa, 
J. C. Woods Chicago, Ill. 
S. W. Zimmerman Ithaca, N. Y. 


Officers and Committees 1951-1952 
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Administrative Subcommittee 


R. L. Webb, Chairman; Consolidated 
Edison Company of New York, 
Inc., 4 Irving Place, New York 3, 
N.Y. 

R. M. Bennett 

K. J. C. Falk 

Anthony Van Ryan 

South Milwaukee, Wis. 


Philadelphia, Pa. 
Philadelphia, Pa. 


C. P. West East Pittsburgh, Pa. 
J. D. Wood Philadelphia, Pa. 
J. C. Woods Chicago, Ill. 


Power Circuit Breakers Sub-- 
committee 
R. M. Bennett, Chairman; General Elec- 


tric Company, 6901 Elmwood 
Avenue, Philadelphia 42, Pa. 


E. A. Childerhose Boston, Mass. 
J. A. Elzi Jackson, Mich. 
R. M. Ferrill Chattanooga, Tenn. 
S. B. Griscom East Pittsburgh, Pa. 
E. J. Harrington Portland, Oreg. 
A. W. Hill East Pittsburgh, Pa. 
Cc. L. Killgore Denver, Colo. 
F. A, Lane New York, N. Y. 
W. G. Lewis Boston, Mass. 
H. H. Mitchell Los Angeles, Calif. 
D. M. Umphrey San Francisco, Calif. 
O. B. Vikoren Philadelphia, Pa. 
J. D. Wood Philadelphia, Pa. 
C, A. Woodrow Schenectady, N. Y. 


Low Voltage Air Circuit Break- 
ers Subcommittee 
J. D. Wood, Chairman; I-T-E Circuit 


Breaker Company, 19th and Hamil- 
ton Streets, Philadelphia, Pa. 


Sam Ein East Chicago, Ind. 
Cc. L. Killgore Denver, Colo, 
H. F. Lingal East Pittsburgh, Pa. 
F. W. McCloska Chicago, Ill. 
R. G. Meyerand St. Louis, Mo. 
J. W. Timmerman, Jr. Waukesha, Wis. 
B, W. Wyman Philadelphia, Pa. 
S. W. Zimmerman Ithaca, N. Y. 


Automatic Reclosures Subcom- 
mittee 


Anthony Van Ryan, Chairman; Line 
Material Company, Division of 
McGraw Electric Company, c/o 
Kyle Products Plant, South Mil- 


waukee, Wis. 
Cc, E, Asbury Jackson, Mich. 
L. L. Baird Philadelphia, Pa. 
L. B. Crann Washington, D. C. 
E, J. Field Greensburg, Pa. 
J. T. Finley St. Louis, Mo. 
Chase Hutchinson New York, N. Y. 
J. M. Wallace East Pittsburgh, Pa. 


Cc. E. Winegartner Cleveland, Ohio 


Switchgear Assemblies Sub- 


committee 


C. P. West, Chairman; Switchboard Engi- 
neering Division, Westinghouse Elec- 
tric Corporation, East Pittsburgh, Pa. 


H. G. Frus Pittsburgh, Pa. 
J. M. Geiger Buffalo, N. Y. 
M. G. Lewis San Francisco, Calif. 
H. L. Lowe New York, N. Y. 
F. W. McCloska Chicago, III. 
G. M. Reed Philadelphia, Pa. 
Garland Stamper Dayton, Ohio 
B. K. Sturgis Philadelphia, Pa. 
J. W. Timmerman, Jr. Waukesha, Wis. 
W. F. Wetmore Detroit, Mich. 
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Switches, Fuses and Insulators 
Subcommittee 


K. J. C. Falck, Chairman; Philadelphia 
Electric Company, 900 Sansom 
Street, Philadelphia 7, Pa. 


R.H. Amundson ‘So. Milwaukee, Wis. 
T. E. Curtis Hampton, Ga 
H. W. Graybill Greensburg, Pa. 
G. L. Hill E ille, Calif. 
J. B. Owens East Pittsburgh, Pa. 
A. H. Powell Philadelphia, Pa. 
J. CG. Woods Chicago, Ill. 
C. P. Zimmerman New York, N. Y. 


AIEE TRANSACTIONS 


Network Protectors Subcom- 


mittee 


J. G. Woods, Chairman; Commonwealth 
Edison Company, 72 West Adams 
Street, Chicago 90, Ill. 

B. S. Beall, III Philadelphia, Pa. 

G. G. Grissinger East Pittsburgh, Pa. 
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L. Levine Chicago, Il, 
. E. Morse New York, N. Y. 
L. Peter San Francisco, Calif. 


Committee on System 
Engineering 


Robert Brandt, Chairman; New England 
Power Company, 441 Stuart Street, 
Boston 16, Mass. 

H. L. Harrington, Vice-Chairman 

Buffalo, N. Y. 

O. W. Manz, Jr., Secretary 

New York, N. Y. 


D. W. Alden Pawtucket, R. I. 
C. P. Almon, Jr. Chattanooga, Tenn, 
G. E. Bishop Santa Cruz, Calif. 
E. F. Bossuyt Portland, Oreg. 
E. C. Brown Hartford, Conn. 
D. H. Cameron Kansas City, Mo. 
O. E. Charlton Birmingham, Ala. 
S. B. Farnham Schenectady, N. Y. 
W. B. Fisk New York, N. Y. 


G. D. Floyd Toronto, Ontario, Canada 


A, P, Fugill Detroit, Mich. 
E. E. George New York, N. Y. 
S. M. Hamill, Jr. Cincinnati, Ohio 
A. C. Hartranft Philadelphia, Pa. 
A. P. Hayward Pittsburgh, Pa. 
R. G. Hooke Newark, N. J. 
L. R. Janes Chicago, IIl. 
W. R. Johnson San Francisco, Calif. 
J. CG. Jones Portland, Oreg. 
C. B. Kelley Des Moines, Iowa 
H. J. Klumb Rochester, N. Y. 
R. F. Lawrence East Pittsburgh, Pa. 
H. A. Lott Los Angeles, Calif. 
M. H. Lovelady Corpus Christi, Tex. 
C, W. Mayott Hartford, Conn, 
G. H. McDaniel New York, N. Y. 
E. L. Michelson Chicago, Ill. 
W. E. Montgomery Los Angeles, Calif. 
S. B. Morehouse Philadelphia, Pa. 
W. A. Morgan Denver, Colo. 
W. H. Osterle Pittsburgh, Pa. 
L. R. Patterson Denver, Colo. 
H. P. Peters Atlanta, Ga. 
Noel Pike Phoenix, Arizona 
R. T. Purdy Chicago, IIl. 
G. F. Switzer Indianapolis, Ind. 
G. M. Tatum Richmond, Va. 
J. J. Tesar Cleveland, Ohio 
D. C. Vaughan Washington, D, C. 
R. M. Walker El Paso, Tex. 
H. R. Wall Jackson, Mich, 
J. B. Ward Lafayette, Ind. 
C. W. Watchorn Baltimore, Md. 
W. R. Way Montreal, Quebec, Canada 
G. S. Whitlow St. Louis, Mo. 
A. L. Williams Los Angeles, Calif. 


Administrative Subcommittee 


Robert Brandt, Chairman; New England 
Power Company, 441 Stuart Street, 
Boston 16, Mass. 


W. B. Fisk New York, N. Y. 
H. L. Harrington Buffalo, N. Y. 
C. B. Kelley Des Moines, Iowa 
H. A. Lott Los Angeles, Calif. 
O. W. Manz, Jr. New York, N. Y. 
Cc. W. Mayott Hartford, Conn. 
G. H. McDaniel New York, N. Y. 
C. N. Metcalf New York, N. Y. 


C. W. Watchorn Baltimore, Md. 


System Planning Subcommittee 


W. B. Fisk, Chairman; Consolidated Edi- 
son Company of New York, Inc., 4 
Irving Place, New York 3, N. Y. 

O. E. Charlton Birmingham, Ala. 


S. B. Farnham Schenectady, N. Y. 
A. P. Fugill Detroit, Mich. 
R. G. Hooke Newark, N. J. 
L. R. Janes Chicago, Ill. 
H. J. Kiumb Rochester, N. Y. 
R. F. Lawrence East Pittsburgh, Pa. 
W. J. Lyman Pittsburgh, Pa. 
W. A. Morgan Denver, Colo. 
W. H. Osterle Pittsburgh, Pa. 


L. R. Patterson Denver, Colo. 
H. P, St. Clair New York, N. Y. 
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G. F. Switzer Indianapolis, Ind. 


J. J. Tesar Cleveland, Ohio 
D. C, Vaughan Washington, D. C. 
R. M. Walker El Paso, Texas 
System Operations Subcom- 
mittee 

C. B. Kelley, Chairman; Interchange 


Power Service, P. O. Box 616, Des 
Moines, Iowa 


D. W. Alden Pawtucket, R. I. 
F. A. Andrews Baltimore, Md. 
E, C, Brown Hartford, Conn. 
G. D, Floyd Toronto, Ontario, (Caen 
S. M. Hamill, Jr. Cincinnati, Ohio 
A. C. Hartranft Philadelphia, Pa. 
W. R. Johnson San Francisco, Calif. 
J. C. Jones Portland, Oreg. 
O. W. Manz, Jr. New York, N. Y. 
E. L. Michelson Chicago, Ill. 
W. E. Montgomery Los Angeles, Calif. 
Noel Pike Phoenix, Ariz. 
G. M. Tatum Richmond, Va. 


System Economics Subcom- 


mittee 
C, W. Watchorn, Chairman; Pennsylvania 


Water and Power Company, 1611 
Lexington Building, Baltimore, Md. 


G. E. Bishop Santa Cruz, Calif. 
E. C. Brown Hartford, Conn. 
E. E. George New York, N. Y. 
A. P. Hayward Pittsburgh, Pa. 
H. P. Peters Atlanta, Ga. 
R. T. Purdy Chicago, III. 
J. A. Rose Newark, N. J. 
H. R. Wall Jackson, Mich, 
J. B. Ward Lafayette, Ind, 


W. R. Way Montreal, Quebec, Canada 
A. L. Williams Los Angeles, Calif. 


System Controls Subcommittee 


G. H. McDaniel, Chairman; American 
Gas and Electric Service Corpora- 
tion, 30 Church Street, New York 


8, N. Y. 
C. P. Almon, Jr. Chattanooga, Tenn. 
E. S. Bossuyt Portland, Oreg, 
D. H. Cameron Kansas City, Mo. 
R. F. Lawrence East Pittsburgh, Pa. 
C.N. Metcalf New York, N. Y. 
S. B. Morehouse Philadelphia, Pa. 
G. S. Whitlow St. Louis, Mo. 


Interconnection Contracts Sub- 
committee 


Cc. W. Mayott, Chairman; Hartford Elec- 
tric Light Company, 266 Pearl Street, 
Hartford, Conn. 


Bradley Cozzens Los Angeles, Calif. 


E. D. Early Birmingham, Ala. 
E. E. George New York, N. Y. 
C. B. Kelley Des Moines, Iowa 


M. H. Lovelady Corpus Christi, Tex. 


Committee on 
Transformers 


F. J. Vogel, Chairman; Transformer 
Engineering Department, Allis-Chal- 
mers Manufacturing Company, Mil- 
waukee 1, Wis. 

M. K. Brown, Vice-Chairman 

Buffalo, N. Y. 

J. R. Meador, Secretary _ Pittsfield, Mass. 

J. A. Adams Philadelphia, Pa. 

H. E, Bonheimer Cleveland, Ohio 

R. J. Brown Toronto, Ontario, Canada 

J. L. Cantwell Pittsfield, Mass. 

R 


. B. Carson Toronto, Ontario, Canada 
J. H. Chiles, Jr Sharon, Pa. 
J. E. Clem Schenectady, N. Y 
G. W. Clothier Milwaukee, Wis. 
J. A. Elzi Jackson, Mich, 
Byron Evans Denver, Colo. 
I. W. Gross New York, N. Y. 
E. M. Gue Pittsburgh, Pa. 
J. B. Hodtum Pittsburgh, Pa. 
A. A. Johnson East Pittsburgh, Pa. 
H. B. Keath St. Louis, Mo. 
D. L. Levine Chicago, Ill. 
C. M. Lovell St. Louis, Mo. 
Cc, W. Msller Sharon, Pa. 
V. M. Montsinger Pittsfield, Mass. 
H.R. Osborne Toronto, Ontario, Canada 
M. H. Pratt Syracuse, N. Y. 
T. D, Reimers New York, N. Y. 
S. E. Schultz Portland, Oreg, 


(Continued in next column) 


W. C. Sealey Milwaukee, Wis. 
P. D. Smith Mimico, Ontario, Canada 
F. L. Snyder Sharon, Pa. 
K. M. Stevens Alhambra, Calif. 
J. M. Towner Baltimore, Md. 
V. A. Treat San Francisco, Calif. 
P. A. Vance Fort Wayne, Ind. 
H. H. Wagner Canonsburg, Pa. 
P. L. Weir Washington, D. C. 
Harry Wells Phoenix, Ariz. 
W. C. Whitman Boston, Mass. 


Insulation Tests Subcommittee 


F.J. Vogel, Chairman; Transformer Engi- 
neering Department, Allis-Chalmers 


Manufacturing Company, Mil- 

waukee 1, Wis. 
J. A. Adams Philadelphia, Pa. 
V. J. Christen St. Louis, Mo. 
J. E. Clem Schenectady, N. Y. 
I. W. Gross New York, N. Y. 
J. H. Hagenguth Pittsfield, Mass. 
D. C. Mac Gregor New York, N. Y. 
W. R. McCarty St. Louis, Mo. 
J. R. Meador Pittsfield, Mass. 
Cc. W. Miller Sharon, Pa. 
V. M. Montsinger Sarasota, Fla. 
W. C., Sealey Milwaukee, Wis. 
W. L. Teague Sharon, Pa. 


Insulation Life Subcommittee 


J. A. Adams, Chairman; Philadelphia 
Electric Company, 900 Sansom 
Street, Philadelphia 5, Pa. 


Working Group on Life of Materials: 

J. F. Cantwell, Chairman; General Elec- 
tric Company, 100 Woodlawn Ave- 
nue, Pittsfield, Mass. 


C. E. Arntzen East Pittsburgh, Pa. 
F. M. Clark Pittsfield, Mass. 
J. F. Dexter Midland, Mich. 
C. F. Hill East Pittsburgh, Pa. 
Myron Kin Midland, Mich. 
M. L. Manning Canonsburg, Pa. 
V. M. Montsinger Sarasota, Fla. 
J. S. Parkinson Manville, N. J. 
J. R. Perkins Wilmington, Del. 
T. D. Reimers New York, N. Y. 
W. W. Satterlee Sharon, Pa. 
W. M. Terry, Jr. Pittsburgh, Pa. 
F. J. Vogel Milwaukee, Wis. 
T. R. Walters Pittsfield, Mass. 
H. G. Zambell Pittsburgh, Pa. 


Working Group on Methods of Making 

Temperature Rise Tests: 

J. E. Clem, Chairman; Central Station 
Engineering Division, General Elec- 
tric Company, Schenectady 5, N. Y. 


J. A. Adams Philadelphia, Pa. 
M. F. Beavers Pittsfield, Mass. 
H. B. Keath St. Louis, Mo. 
A, J. Maslin Sharon, Pa. 
W. H. Mutschler Pittsburgh, Pa. 
Paul Narbut, Alternate Sharon, Pa. 
S. O. Schamberger Albany, N. Y. 


R. C. Smith, Alternate Philadelphia, Pa. 
W. C. Whitman Boston, Mass. 


Working Group on Temperature Rise of 

Class-B Reactors: 

D. L. Levine, Chairman; Commonwealth 
Edison Company, 72 West Adams 
Street, Chicago 90, Ill. 

F. H. Kierstead Pittsfield, Mass. 

J. GC. Russ Pittsfield, Mass. 

L. E, Sauer Sharon, Pa. 


Insulation Fluids Subcommittee 


J. R. Meador, Chairman; General Elec- 
tric Company, 100 Woodlawn 
Avenue, Pittsfield, Mass. 


Working Group on Permissible Maximum 

Oil Temperature in Service: 

M. H. Pratt, Chairman; Niagara Mohawk 
Power Company, 300 Erie Boulevard, 
Syracuse 2, N. Y 

A, J. Maslin Sharon, Pa. 

J. R. Meador Pittsfield, Mass. 


Working Group on Insulation Fluids: 

J. R. Meador, Chairman; General Electric 
Company, 100 Woodlawn Avenue, 
Pittsfield, Mass. 


J. G. Ford Sharon, Pa. 
I. W. Gross New York, N. Y. 
M. H. Pratt Syracuse, N. Y. 
E. L. Raab Pittsfield, Mass. 


W. W. Satterlee Sharon, Pa, 
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Liaison Members from Other Committees: 
F. C. Doble Belmont, Mass. 
(Instruments and Measurements repre- 
sentative) 
D. R. Pattison Johnstown, Pa, 
(Power Generation representative) 
V. L. Cox Philadelphia, Pa. 
(Switchgear representative) 


Magnetic Circuit Behavior 


Subcommittee 


J. H. Chiles, Jr.; Chairman; 
Electric Corporation, 
Engineering Department, 
Pa. 


Westinghouse 
Transformer 
Sharon, 


Working Group on Magnetization Charac- 

teristics: 

J. E. Clem, Chairman; General Electric 
Company, Central Station Engineer- 
ing Divisions, Schenectady 5, N. Y. 


J. A. Elzi Jackson, Mich. 
T. D. Gordy Pittsfield, Mass. 
S. C. Killian Chicago, II}. 
J. H. Kinghorn New York, N. Y. 
W. E. Marter Pittsburgh, Pa. 
A, J. Maslin Sharon, Pa. 
W. W. Perry Binghamton, N. Y. 
A. H., Powell Philadelphia, Pa. 
R. J. Salsbury Pittsburgh, Pa. 
W. C. Sealey Milwaukee, Wis. 
H. T. Seeley Philadelphia, Pa. 
W. K. Sonneman Newark, N. J. 
D. W. Taylor Newark, N. J. 
J. M. Wallace East Pittsburgh, Pa. 


Working Group on Audible Noise: 

J. H. Chiles, Chairman; Transformer 
Engineering Department, Westing- 
house Electric Corporation, Sharon, 


Pa, 
J. E. Clem Schenectady, N. Y. 
T. D. Gordy Pittsfield, Mass. 
D, L. Levine Chicago, Ill. 
A. J. Maslin Sharon, Pa. 
T. D. Reimers New York, N. Y. 
J. M. Towner Baltimore, Md. 
H. E, Noren Maywood, Ill. 


Frank Von Voigtlander Jackson, Mich. 
Performance Characteristics 
Subcommittee 


M. H. Pratt, Chairman; Niagara Mohawk 
Power Corporation, 300 Erie Boule- 
vard, Syracuse 2, N. Y. 


Working Group on Instrument Transformers: 

J. E. Clem, Chairman; General Electric 
Company, Central Station Engineer- 
ing Division, Schenectady 5, N. Y. 

Herman Bany Philadelphia, Pa. 


J. H. Chiles Sharon, Pa. 
R. E. Cordray Philadelphia, Pa. 
A. B. Craig Boston, Mass. 
F. E. Davis, Jr. Jackson, Mich. 
K. J. C. Falck Philadelphia, Pa. 
R. E. Franck Lynn, Mass. 
J. M. Geiger Buffalo, N. Y. 
T. R. Halman Detroit, Mich. 
E. K. Huntington Rochester, N. Y. 
L. F. Kennedy Schenectady, N. Y. 
J. H. Kinghorn New York, N. Y¥. 
D. B. Masters Jackson, Mich. 
J. P. Scott St. Louis, Mo. 
F. B. Silsbee Washington, D. C. 
W. K. Sonnemann Newark, N. J. 
W. M. Terry Pittsburgh, Pa. 
E. C. Wentz Sharon, Pa. 
Cc. A. Woods East Pittsburgh, Pa. 


Working Group on Dry Type Transformers: 
J. A. Adams, Chairman; Philadelphia 
Electric Company, 900 Sansom 
Street, Philadelphia 5, Pa. 
Pittsburgh, Pa. 
New York, N. Y. 
Pittsfield, Mass. 
Sharon, Pa. 


T. E. Rodhouse 
W. W. Satterlee 
H. H. Wagner Canonsburg, Pa. 
C, E. Winegartner Cleveland, Ohio 


Liaison Representative on Converters: 
W. CG. Sealey Milwaukee, Wis. 
(Electronic Power Converters Committee) 


Committee on Transmis- 
sion and Distribution 


S. B. Crary, Chairman; General Electric 
Company, 1 River Road, Schenec- 
tady 5, N. Y. 
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A. Booker 


H. Philadelphia, Pa. 
A. E. Davison Toronto, Ontario, Canada 
G. E. Dean Newark, N. J. 
T. C. Duncan New York, N. Y. 
HA. Frey Baltimore, Md 
E. T. B. Gross Chicago, Il 
I. W. Gross New York, N. Y. 
J. H. Hagenguth Pittsfield, Mass. 
K. E. Hapgood Chattanooga, Tenn. 
E. R. Hendrickson Maywood, IIL 
P. A. Jeanne New York, N. Y 
E. L. Kanouse Los Angeles, Calif. 
C. H. Kraft St. Louis, Mo 
A. V. Lambert Portland, Oreg 
J. T- Lusignan, Jr. Mansfield, Obio 
W. A. Morgan Denver, Colo. 
D. W. Nethercut Jackson, Mich. 
Jj. E. O'Brien Washington, D. C. 
E. W. Oesterreich Pittsburgh, Pa. 
A. A. Osipovich Portland, Oreg. 
C. E. Parks Plainfield, Ind. 
R_ E. Pierce New York, N. Y 
C. K. Poarch New York, N. Y. 
jJ. A Rawls Richmond, Va. 
L. M. Robertson Denver, Colo. 
E. V. Sayles Jackson, Mich. 
A. N. Shealy Baltimore, Md. 
D. M_ Simmons New York, N. Y. 
E. C. Starr Corvallis, Oreg. 
H. B. Thacker East Pittsburgh, Pa. 
C. F. Wagner East Pittsburgh, Pa. 
P. G. Wallace Dallas, Tex. 
L. J. Weed Boston, Mass. 
R. L. Witzke East Pittsburgh, Pa. 


Transmission and 
Distribution 


Capacitor Subcommittee 


C. E. Parks, Chairman; Public Service 
Company of Indiana, Inc., 110 East 
Main Street, Plainfield, Ind. 

Glen Appleman Allentown, Pa. 


P. L. Bellaschi Portland, Oreg. 
L. F. Billman South Plainfield, N. J. 
E. R. Coop Providence, R. L 
H. Y. Dryer So. Milwaukee, Wis. 
K. E. Hapgood Chattanooga, Tenn. 
D. A. Leeds Hammond, Ind. 
M. F. Leftwich Charlotte, N. C. 
R. E. Marbury East Pittsburgh, Pa. 
D. B. Masters Jackson, Mich. 
Leon Podolsky North Adams, Mazs. 
M. E. Scoville Pittsfield, Mass. 
F. V. Smith Chicago, IIL 
HL E. Smith Chicago, LiL 
P. H. Underwood Houston, Tex. 


Distribution Subcommittee 


T. J. Brosnan, Chairman; Niagara Mo- 
hawk Power Corporation, 300 
Electric Building, Buffalo, N. Y. 


H. G. Barnett Last Pittsburgh, Pa. 
C. E. Baugh San Francisco, Calif. 
H. C. Binghara Cleveland, Ohio 
D. K. Blake Schenectady, N. Y. 
Bryce Brady Oklahoma City, Okla. 
W. RB. Bullard New York, N. Y. 
L.L. Carter Hastings-on-Hudson, N. Y. 
Harold Cole Detroit, Mich. 
H. L. Davis, Jr. Philadelphia, Pa. 
E. R. Hendrickson Maywood, IL 
J. B. Hodtum Pittsburgh, Pa. 
E. K. Huntington Rochester, N. Y. 
C. H. Kraft St. Louis, Mo. 
j. E. O'Brien Washington, D. C, 
E. W. Oesterreich Pittsburgh, Pa. 
E. V. Sayles Jackson, Mich. 
M. F. Schonefeld Port Wayne, Ind. 
A. F. Sedgwick New Haven, Conn. 
H. E. Smith Chicago, iL 
A. H. Thayer Los Angeles, Calif. 
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General Systems Subcommittee 


R. L. Witzke, Chairman; Industry Engi- 
neering Department, Westinghouse 
Electric Corporation, East Pitrts- 


burgh, Pa. 
P. W. Blye New York, N. Y. 
R. W. Caswell Chicago, IIL 
F. L. Code Toronto, Ontario, Canada 
O. A. Demuth Portland, Oreg. 
R. G. Hooke Newark, N. J. 
E. K. Huntington Rochester, N. Y. 
L. B. Johnson Schenectady, N. Y. 
A. A. Kroneberg Los Angeles, Calif. 
L. B. LeVesconte Chicago, IIL 
F. H. Linsley Waterbury, Conn. 
L. M. Robertson Denver, Colo. 


Lightning and Insulator Sub- 
committee 
J. T. Lusignan, Jr., Chairman; Ohio Brass 


Company, Engineering Department, 
Mansfield, Ohio 


L. V. Bewley Bethlehem, Pa. 
H. N. Ekvall Philadelphia, Pa. 
H. A. Frey Baltimore, Md. 
I. W. Gross New York, N. Y. 
jJ- H. Hagenguth Pittsfield, Mass. 
E. L. Harder East Pittsburgh, Pa. 
W. W. Lewis Schenectady, N. Y. 
H. L. Rorden Portland, Oreg. 
S. K. Waldorf Baltimore, Md. 
E. R. Whitehead Chicago, IIL 


Towers, Poles, and Conductors 
Subcommittee 


E. L. Kanouse, Chairman; Water and 
Power Department, City of Los 
Angeles, 207 South Broadway, 
Los Angeles 13, Calif. 

HL W. Adams Louisville, Ky. 

H. W. Biskeborn Newark, Ohio 

C. A. Booker Boston, Mass. 

L. L. Carter Hastings-on-Hudson, N. Y. 

P. J. Croft Toronto, Ontario, Canada 

AE. Davison 

Toronto, Ontario, Canada 

Denver, Colo. 
Chicago, Ill 
K. E. Hapgood Chattanooga, Tenn. 


C. A. Jordan Perth Amboy, N. J. 
j- E. O’Brien Washington, D. C. 
A. A. Osipovich Portland, Oreg. 
T. ¥. Peterson Cleveland, Ohio 
J. A. Rawls Richmond, Va. 
L. M. Robertson Denver, Colo. 
A. S. Runciman ~ 

Montreal, Quebec, Canada 
A. N. Shealy Baltimore, Md. 
Joel Tompkins Massena, N. Y. 
E. M. Wright San Francisco, Calif, 
R. G. Yerke Seward, Neb. 


Science and 
Electronics Division 


Science and Electronics 
Division Committee 
E. 1. Green, Chairman; Bell Telephone 


Laboratories, Inc., Murray Hill, N. J. 
W. R. Clark, Vi-Chaimmon 


Philadelphia, Pa. 
W. F. Bonner, Secretary Clifton, N. J 
W. F. Davidson New York, N. Y 
L K. Dortort Philadelphia, Pa. 
W. G. Dow Ann Arbor, Mich. 
E. L. Harder East Pittsburgh, Pa. 
J. T. Lusignan, Jr. Mansfield, Ohio 
W. H. MacWilliams, Jr. Whippany, N.J. 
M. G. Malti Ithaca, N. Y. 
J. H. Miller Newark, N. J. 
J. G. Tarboux (representing Board of 
Disectats) Ithaca, N. Y. 
J. D. Tebo New York, N. Y. 
J. T. Thwaites 
Hamilton, Ontario, Canada 
8. Reid Warren, Jr. Philadelphia, Pa. 
Committee on Basic 


Sciences 


M. G. Malti, Chairman; School of 
Electrical Engineering, Cornell Uni- 
versity, Ithaca, N. Y. 
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W. C. Johnson, Secretary Princeton, N. J. 


J. A. Becker Murray Hill, N. J. 
L. J. Berberich East Pittsburgh, Pa. 
L. V. Bewley Bethlehem, Pa. 
Aram Boyajian Pittsfield, Mass. 
J. G. Brainerd Philadelphia, Pa. 
C. B. Brown White Oak, Md. 
C. R. Burrows Ithaca, N. Y. 
H. J. Carlin Brooklyn, N. Y. 
F. M. Clark Schenectady, N. Y. 


Schenectady, N. Y. 
Knoxville, Tenn. 
Schenectady, N. Y. 
Pittsburgh, Pa. 
Cambridge, Mass. 
Cambridge, Mass. 
R. Hanna East Pittsburgh, Pa. 
W. Hansell Rocky Point, L. I., N. Y. 


g 
g 
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L. Harder East Pittsburgh, Pa. 
K. Harris Washington, D. C. 
P. Hessler Urbana, Ill. 
S. Hibshman Brooklyn, N. Y. 
J. Higgins Madison, Wis. 
B. Hoadley Raleigh, N. C. 

Baltimore, Md. 


3 St. Paul, Minn. 
W. Kimbark 
Sao Paulo, Brazil, South America 


. R. LePage East Syracuse, N. Y. 
. H. MacWillams, Jr. Whippany, N. J. 
. Magnusson Corvallis, Oreg. 

. Matsch Chicago, Ill. 
Mathis Chicago, Ill. 
Pasadena, Calif. 


Philadelphia, Pa. 
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Stanford, Calif. 
J. J. Smith Schenectady, N. Y. 
Vv. G. Smith Toronto, Ontario, Canada 
G. M. L. Sommerman Evanston, Ill. 
E. C. Starr Corvallis, Oreg. 
W. L. Sullivan Hoboken, N. J. 
W. A. Thomas Cleveland, Ohio 
G. S. Timoshenko Storrs, Conn. 
J. S. Waters Houston, Tex. 
A. H. Waynick State College, Pa. 
J. H. Wright Lynn, Mass, 
W. M. Young Falls Church, Va, 


Applied Mathematics Subcom- 


mittee 


M. G. Malti, Chairman; 


School of Elec- 


trical Engineering, Cornell Univer- 
sity, Ithaca, N. Y. 


jans 
Garrett Birkhoff 
D. G. Bourgin 
R. J. Duffin 
A. E. Heins 
Mark Kac 
Harry Pollard 
J. J. Stoker 
J. W. Tukey 


Jobn Von Neumann 


D. V. Widder 
Norbert Wiener 
Max Woodbury 


Electrical Engineers 


P. L. Alger 


Murray Gardner 


H. B. Hansteen 
E. W. Kimbark 
H. F. Mathis 
Louis Pipes 

J. J. Smith 
Harry Sohon 


Cambridge, Mass. 
Urbana, IIL 
Pittsburgh, Pa. 
Pittsburgh, Pa. 
Ithaca, N. Y. 
Ithaca, N. Y. 
New York, N. Y. 
Princeton, N. J. 
Princeton, N. J. 
Cambridge, Mass. 
Cambridge, Mass. 
Princeton, N. J. 


Schenectady, N. Y. 
Cambridge, Mass. 
New York, N. Y. 


S4o Paulo, Brazil, S. A. 


Chicago, IIL. 

Los Angeles, Calif. 
Schenectady, N. Y. 
Philadelphia, Pa, 


Electric Circuit Theory Sub- 
committee 


H. J. Carlin, Chairman; Microwave Re- 
search Institute, Polytechnic Institute 


of Brooklyn, 55 Johnson Street, 

Brooklyn 1, N. Y. 
J. G. Brainerd Philadelphia, Pa. 
R. L. Dietzold Murray Hill, N. J. 
A. B. Giordano Brooklyn, N. Y. 
E. A. Guillemin Cambridge, Mass. 
T. J. Higgins Madison, Wis. 
G. B. Hoadley Raleigh, N. C, 
Robert Kahal St. Louis, Mo, 
Milton Mohr Culver City, Calif. 
P. F. Ordung New Haven, Conn, 
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Electrical Properties of Gases 
Subcommittee 


T. B. Jones, Chairman; School of Electrical 


Engineering, Johns Hopkins Univer- 
sity, Baltimore 18, Md. 


L. J. Berberich East Pittsburgh, Pa. 
J. D. Cobine Schenectady, N. Y- 
L. H. Fisher New York, N. Y. 
L. H. Germer Murray Hill, N. J. 
L. Malter Harrison, N. J. 
Joseph Slepian East Pittsburghy, Pa. 


Energy Sources Subcommittee 


L. W. Matsch, Chairman; Illinois Institute 
of Technology, Department of Elec- 
trical Engineering, Chicago 16, LIL 


W. C. Brown Point Mugu, Calif. 
M. A. Garstens Washington, D. C. 
W. A. Lewis, Jr. Chicago, IIL. 


Walther Richter Milwaukee, Wis. 


J. J. Smith Schenectady, N. Y. 
B. R. Teare Pittsburgh, Pa. 
J. D. Tebo New York, N. Y. 


Milton Tenzer Fort Monmouth, N. J. 


Magnetics Subcommittee 


R. M. Bozorth, Chairman; Bell Telephone 

Laboratories, Inc., Murray Hill, N. J. 

A. C. Beiler East Pittsburgh, Pa. 
F. G. Brockman 

Irvington-on-Hudson, N. Y. 

R. A. Chegwidden Murray Hill, N. J. 


G. H. Cole Middletown, Ohio 
E. A. Gaugler Butler, Pa. 
J. E. Goldman Pittsburgh, Pa. 
W. Morrill Pittsfield, Mass. 
J. A. Osborn Washington, D. C. 
W. E. Ruder Schenectady, N. Y. 
C. W. Stoker Pittsburgh, Pa. 


Dielectrics Subcommittee 


L. J. Berberich, Chairman; Liaison Engi- 
neering Department 7-L, Westing- 
house Electric Corporation, East Pitts- 


burgh, Pa. 
J. C. Balsbaugh Cambridge, Mass. 
T. D. Callinan Washington, D. C. 
T. W. Dakin East Pittsburgh, Pa. 
J. W. Deaderick Chattanooga, Tenn. 
J. F. Dexter Midland, Mich. 
M. Getting, Jr. Pittsburgh, Pa. 
H. F. Jones Waterford, N. Y. 
G. T. Kohman Murray Hill, N. J. 
J. R. Perkins Wilmington, Del. 
J. D. Robinson New York, N. Y. 
A. W. Rogers Fort Monmouth, N. J. 
A. H. Scott Washington, D. C. 
A. H. Sharbaugh Schenectady, N. Y. 
G. M. L. Sommerman Evanston, Il. 
Joseph Sticher Detroit, Mich. 
A. J. Warner Nutley, N. J. 


Semiconductors and Transis- 
tors Subcommittee 
W. C. Dunlap, Chairman; Research 


Laboratory, General Electric Com- 
pany, Schenectady 5, N. Y. 


John Bardeen Urbana, IIl. 
Jj. A. Becker Murray Hill, N. J. 
C. B. Brown White Oak, Md. 
R. W. Engstrom Lancaster, Pa. 
K. Lark-Horovitz Lafayette, Ind. 
P. H. Miller, Jr. Philadelphia, Pa. 
Lloyd Smith Ithaca, N. Y. 
D. W. Wooldridge Culver City, Calif. 
Committee on Computing 
Devices 


W. H. MacWilliams, Jr., Chairman; Bell 
Telephone Laboratories, Inc., Whip- 


pany, N. J. 
J. C. McPherson, Vice-Chairman 
New York, N. Y. 

F. J. Maginniss, Secretary 

Schenectady, N, Y-. 
S. N. Alexander Washington, D. 
J. G. Brainerd Philadelphia, Pa. 
8. H. Caldwell Mass. 
J. M. Coombs St. Paul, Minn. 
W. G. Dow Ann Arbor, Mich. 
G. V. Eltgroth ia, Pa. 
E. L. Harder East Pittsburgh, Pa. 
J. W. Mauchly Ambler, Pa. 
G. D. McCann Pasadena, Calif. 
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M. S. McIlroy Ithaca, N. Y. 
P. L. Morton Berkeley, Calif. 
J. D. Ryder Urbana, IIl. 


V.G. Smith Toronto, Ontario, Canada 
Irven Travis Philadelphia, Pa. 


Analog Computers Subcom- 
mittee 
G. D. McCann, Chairman; California 


Institute of Technology, Pasadena 4, 


Calif. \ 
S. H. Caldwell Cambridge, Mass. 
E. L. Harder East Pittsburgh, Pa. 
F. J. Maginniss Schenectady, N. Y. 
M. S. McIlroy Ithaca, N. Y. 


Computer Bibliography Sub- 
committee 
W. H. MacWilliams, Jr., Chairman; 


Bell Telephone Laboratories, Inc., 
Whippany, N. J. 


Digital Computers Subcom- 
mittee 
M. Coombs, Chairman; Engineering 
Research Associates, 1902 West 


Minnehaha Avenue, St. Paul 4, 

Minn, 
S. N. Alexander Washington, D. C. 
J. G. Brainerd Philadelphia, Pa. 
G. V. Eltgroth Philadelphia, Pa. 
J. W. Mauchly Philadelphia, Pa. 
G. D. McCann Pasadena, Calif. 
P. L. Morton Berkeley, Calif. 
J. D. Ryder Urbana, III. 


V.G. Smith Toronto, Ontario, Canada 
Irven Travis Philadelphia, Pa. 


Committee on Electrical 
Techniques in Medicine 
and Biology 


S. Reid Warren, Jr., Chairman; Moore 
School of Electrical Engineering, 
University of Pennsylvania, 200 
South 33rd Street, Philadelphia 4, Pa. 

A. M. Zarem, Vice-Chairman 

Los Angeles, Calif. 

Scott W. Smith, Secretary 

Washington, D. C. 


G. W. Dunlap Schenectady, N. Y. 
L, F, Ehrke Bloomfield, N. J. 
W. A. Geohegan New York, N. Y. 
Jj. P. Hervey Baltimore, Md. 


L. H. Montgomery 


: Nashville, Tenn. 
H. D. Moreland 


Baltimore, Md. 


G. A. Morton Princeton, N. J. 
J. G. Reid, Jr. Washington, D. C. 
J. A. Reynolds White Plains, N. Y. 
T. H. Rogers Springdale, Conn. 
E. D. Trout Milwaukee, Wis. 
R. E. Watson Philadelphia, Pa. 


(No subcommittees) 


Committee on Electronic 
Power Converters 
I. K. Dortort, Chatrman; I-T-E Circuit 


Breaker Company, 19th and Hamil- 
ton Streets, Philadelphia 30, Pa. 


C. R. Marcum, Vice-Chairman 

East Pittsburgh, Pa. 
J. B. Pitman, Secretary Massena, N. Y. 
B. D. Bedford Schenectady, N. Y. 
W. E. Bloecker New York, N. Y. 
H. R. Blomquist Providence, R. I. 
W. F. Bonner Clifton, N. J. 
J. L. Boyer East Pittsburgh, Pa. 
F. W. Cramer Pittsburgh, Pa. 


Trail, British Columbia, Canada 
Philadelphia, Pa. 
cl halt Gilson Toronto, Ontario, Canada 


W. 
. G. Dickinson 
B. 
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Glaza Freeport, Tex. 

. E. Gutzwiller Milwaukee, Wis. 
D. Harper Alcoa, Tenn. 
GC, Herskind Schenectady, N. Y. 
G, N. Hughes Alcoa, Tenn. 
Otto Jensen Philadelphia, Pa. 
F. D. Kaiser Sharon, Pa. 


Armin Leuthold 
Montreal, Quebec, Canada 


D. E. Marshall Bloomfield, N. J. 
L. W. Morton Schenectady, N. Y. 
J.B. Nayler Arvida, Quebec, Canada 
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R. A. Nelson 
F. O. Nottingham, Jr. 
Waldo Porter 

M. E, Reagan 

W. J. L. Rupprecht 
August Schmidt, Jr. 


Pittsfield, Mass. 
Atlanta, Ga. 
Vancouver, Wash. 

East Pittsburgh, Pa. 

Midland, Mich. 

Schenectady, N. Y. 


W. CG. Sealey Milwaukee, Wis. 
F, W. Smith Easton, Pa. 
S. L. Smith Philadelphia, Pa. 
H. C. Steiner Schenectady, N. Y. 


O. J. Swanson 
J. T. Thwaites 

Hamilton, Ontario, Canada 
D. E. Trucksess New York, N. Y. 
J. C. Walter Camden, N. J. 
Cc. H. Willis Princeton, N. J. 
Harold Winograd Milwaukee, Wis. 


Gary, W. Va. 


Administrative Subcommittee 


Main Committee O fficers: 

I. K. Dortort, Chairman; I-T-E Circuit 
Breaker Company, 19th and Hamil- 
ton Streets, Philadelphia 30, Pa. 

Cc, R, Marcum, Vice-Chairman 

East Pittsburgh, Pa. 

J. B. Pitman, Secretary Massena, N. Y. 

C. C. Herskind, Preceding Chairman 

Schenectady, N. Y. 

Subcommittee Chairmen: 

B. D. Bedford 

Otto Jensen 

Waldo Porter 

August Schmidt, Jr. 

J. C. Walter 

Others: 

Harold Winograd 


Schenectady, N. Y. 
Philadelphia, Pa. 
Vancouver, Wash. 
Schenectady, N. Y. 
Camden, N. J. 


Milwaukee, Wis. 


Papers and Speakers Subcom- 
mittee 
August Schmidt, Jr., Chairman; General 


Electric Company, 1 River Road, 
Schenectady 5, N. Y. 


Jj; B. Rice West Allis, Wis. 
J. T. Thwaites 

Hamilton, Ontario, Canada 
H. E. Zuvers Schenectady, N. Y. 


Electronic Converter Circuits 
Subcommittee 


B. D. Bedford, Chairman; 
tric Company, 1 
Schenectady 5, N. Y. 

W. E. Bloecker New York, N. Y. 


General Elec- 
River Road, 


W. F. Bonner Clifton, N. J. 
J. L. Boyer East Pittsburgh, Pa. 
E. J. Diebold Philadelphia, Pa. 
G. N. Hughes Alcoa, Tenn. 
F. D. Kaiser Sharon, Pa. 
A. H. Mittag Schenectady, N. Y. 
R. A. Nelson Pittsfield, Mass. 
M. E. Reagan East Pittsburgh, Pa. 
August Schmidt, Jr. Schenectady, N. Y. 
W. C. Sealey Milwaukee, Wis. 
C. H. Willis Princeton, N. J. 


Mercury Arc Converters Sub- 
committee 


C. R. Marcum, Chairman; 
Electric Corporation, 
burgh, Pa. 

J. L. Boyer 

E. H. Coxe, Jr. 

F. W. Cramer 

J. B. Donnelly 

W. E. Gutzwiller 


Westinghouse 
East Pitts- 


East Pittsburgh, Pa. 
Baton Rouge, La. 
Pittsburgh, Pa. 
Philadelphia, Pa. 
Milwaukee, Wis. 


C. C. Herskind Schenectady, N. Y. 
A. D. Howry Conshohocken, Pa. 
R. N. Hunter New York, N. Y. 


Armin Leuthold 
Montreal, Quebec, Canada 


E. J. Remscheid Schenectady, N. Y. 
W. J. L. Rupprecht Midland, Mich, 
O. J. Swanson Gary, W. Va. 
J. T. Thwaites 


Hamilton, Ontario, Canada 
Harold Winograd Milwaukee, Wis. 


Hot-Cathode Power Converter 
Subcommittee 


J. C. Walter, Chairman; Radio Corpora- 
tion of America, Camden, N. J. 


R. W. Barker Pittsfield, Mass. 
W. H. Bixby Detroit, Mich. 
H. R. Butler Newark, N. J. 


(Continued in next column) 


F. W. Cramer Pittsburgh, Pa. 
D. V. Edwards Newark, N. J. 
Cc. E. Hamann Lynn, Mass. 
J. F. Harris Newark, N. J. 
E. W. Hutton Schenectady, N. Y. 
W. E. Large East Pittsburgh, Pa. 
F. G. Logan St. Louis, Mo. 
E. J. Rathsack Milwaukee, Wis. 
F. M. Rives Schenectady, N. Y. 
W. C. Rudd New Rochelle, N. Y. 
J. W. Sanborn Camden, N. J. 
D. H. Smith Schenectady, N. Y. 
H. C. Steiner Schenectady, N. Y. 
H. L. Thorson Schenectady, N. Y. 


D. E. Trucksess New York, N. Y. 


Mechanical Rectifier Subcom- 
mittee 


Otto Jensen, Chairman; I-T-E Circuit 
Breaker Company, 501 North 19th 
Street, Philadelphia 30, Pa. 

E. J. Diebold Philadelphia, Pa. 

W. J. Gilson Toronto, Ontario, Canada 

H. Smith New York, N. Y. 


West Coast Subcommittee 
Waldo Porter, Chairman; Aluminum 


Company of America, P. O. Box 120, 
Vancouver, Wash. 


W. M. Allen New York, N. Y. 
E. D. Barcus Los Angeles, Calif. 
E, S. Benson San Francisco, Calif. 
H. L. Burris Pittsburg, Calif. 
R. J. Corfield Garfield, Utah 
J. H. Cox Sunnyvale, Calif. 
R. H. Denyer Portland, Oreg. 


A. G. Dickinson 
Trail, British Columbia, Canada 


E. F. Donatic Ontario, Calif. 
Alex, Dovjikov Portland, Oreg. 
R. H. Duguid Los Angeles, Calif. 
S. R. Durand Milwaukee, Wis. 
L. E. Dye Los Angeles, Calif. 
T. F. Hadwin 


Vancouver, British Columbia, Canada 


D. R. Hoopes Salt Lake City, Utah 
J. V. Kresser San Francisco, Calif. 
C. A. Langlois Troutdale, Oreg. 
H. F. Lickey Pullman, Wash, 
M. McCoy Portland, Oreg. 
A. L. Munn San Leandro, Calif. 
S. J. Pope Spokane, Wash. 
H. H. Skilling Stanford, Calif. 
E. C. Starr Corvallis, Oreg. 
H. V. Strandberg Seattle, Wash. 
J. R. Tenney Geneva, Utah 


Working Group on Cooling and 
Corrosion 


E, J. Remscheid, Chairman; General 
Electric Company, Schenectady, 
NESYs 


A. P. Colaiaco 
A. G. Dickinson 
Trail, British Columbia, Canada 


East Pittsburgh, Pa. 


J. Y. Doran Toronto, Ontario, Canada 
G. N. Hughes Alcoa, Tenn. 
J. Klotz Philadelphia, Pa. 
R. J. Nix Indiana, Pa. 
M. W. Rew Cleveland, Ohio 


Mark Sareault 
Harold Winograd 


Providence, R. I. 
Milwaukee, Wis. 


Committee on Electronics 


J. T. Thwaites, Chairman; Canadian 
Westinghouse Company, Ltd., Re- 
search and Development Labora- 
tory, Electronics Division, Aberdeen 
Avenue, Hamilton, Ontario, Canada 

H. C. Steiner Vice-Chairman (East) 

Schenectady, N. Y. 

J. D. Ryder, Vice-Chairman (West) 

Urbana, IIl. 

D. G. Wilson, Secretary Lawrence, Kans. 

W. R. G. Baker Syracuse, N. Y. 

R. W. Barker Pittsfield, Mass. 

E. M. Boone Columbus, Ohio 

John Boykin Baltimore, Md. 

C. J. Breitwieser Indianapolis, Ind. 


C. B. Brown White Oak, Md. 
Cledo Brunetti Stanford, Calif. 
R. S. Burnap Harrison, N. J. 
J. M. Cage Lafayette, Ind. 
A. H. Canada Schenectady, N. Y. 
W. R. Clark Philadelphia, Pa. 
L. G. Cowles Houston, Tex. 


(Continued in next column) 


Officers and Committees 1951-1952 


G. J. Crowdes 
W. G. Dow 

A. V. Eastman 
G. V. Eltgroth 


Cambridge, Mass. 
Ann Arbor, Mich. 
Seattle, Wash. 
Philadelphia, Pa. 


W. T. Evans Beaumont, Tex. 
Rudolf Feldt Clifton, N. J. 
G. H. Fett Urbana, II. 
W. J. Field St. Paul, Minn. 
D. G. Fink New York, N. Y. 
H. L. Flowers Akron, Ohio 
W. A. Geohegan New York, N. Y. 
E. L. Harder East Pittsburgh, Pa. 
Victor Harris Bethesda, Md. 
G. W. Hewitt East Pittsburgh, Pa. 
J. E. Hobson Stanford, Calif. 
A. J. Humphrey Cleveland, Ohio 
J. R. Hyneman New York, N. Y. 
T. P. Kinn Baltimore, Md. 
K. S. Koon Endicott, N. Y. 
O. W. Livingston Schenectady, N. Y. 
D. E. Marshall Bloomfield, N. J. 
R. E. McCoy Los Angeles, Calif. 
H. R. Meahl Schenectady, N. Y. 
H. R. Mimno Cambridge, Mass. 
G. A. Morton Princeton, N. J. 
R. E. Mumma Dayton, Ohio 
J. B. Nayler 


Isle Maligne, Quebec, Canada 
R. A. Nielsen 

B. K. Northrop 
David Packard 


Pasadena, Calif. 
Ithaca, N. Y. 
Palo Alto, Calif. 


G. W. Penney Pittsburgh, Pa. 
W. H. Pickering Pasadena, Calif. 
A. J. Quigley Notre Dame, Ind. 
Simon Ramo Culver City, Calif. 
JG: Reid, jr. Washington, D. C. 


L. E. Reukema 
R. W. Reynolds 
E. T. Sherwood 
Scott W. Smith 


Berkeley, Calif. 
Wilmington, Del. 
Milwaukee, Wis. 

Washington, D. C. 


E. P. Spandau Los Angeles, Calif. 
C. F. Spitzer Syracuse, N. Y. 
J. R. Steen New York, N. Y. 
C. M. Summers Fort Wayne, Ind. 
E. R. Thomas New York, N. Y. 


Irven Travis 
D. E. Trucksess 


Philadelphia, Pa. 
New York, N. Y. 


D. C. Ulrey Harrison, N. J. 
W. C. White Schenectady, N. Y. 
C. H. Willis Princeton, N. J 
Harold Winograd Milwaukee, Wis. 
A. M. Zarem Los Angeles, Calif. 


Electron Tube Subcommittee 


Scott Helt, Chairman; Allen B. DuMont 
Laboratories, Inc., Research Divi- 
sion, 2 Main Avenue, Passaic, N. J. 


R. E. Higgs, Secretary Harrison, N. J. 
A. Y. Bentley Clifton, N. J. 
W. R. Clark Philadelphia, Pa. 
W. G. Dow Ann Arbor, Mich. 
D. V. Edwards Newark, N. J. 
A. M. Glover Lancaster, Pa 
R. E. Graham Kew Gardens, N. Y. 
William Happe, Jr. Clifton, N. J. 
L. B. Headrick Lancaster, Pa. 
J. H. Hutchings Geneva, Ill. 
E. O. Johnson Princeton,)N. J. 
K. S. Koon Endicott, N. Y. 
O. W. Livingston Schenectady, N. Y. 
C, R. Marcum East Pittsburgh, Pa. 
D. E. Marshall Bloomfield, N. J. 
D. S. Peck Allentown, Pa. 
August Schmidt, Jr. Schenectady, N. Y. 
J. R. Steen New York, N. Y. 
H. C. Steiner Schenectady, N. Y. 


J. T. Thwaites 

Hamilton, Ontario, Canada 
Simeon Weston Brooklyn, N. Y. 
Cc. H. Willis Princeton, N. J. 
Harold Winograd Milwaukee, Wis. 


Industrial X-Ray Subcommittee 


Scott W. Smith, Chairman; X-Ray 
Section, National Bureau of Stand- 
ards, Washington 25, D. C. 

Z. J. Atlee Chicago, III. 

Arthur Klinckermann Chicago, Ill. 

Joseph Lempert Bloomfield, N. J. 


G. E. Maxim Cleveland, Ohio 
T. H. Rogers Springdale, Conn. 
David Sussin Covington, Ky. 
R. F. Wilson Milwaukee, Wis. 


Electrostatic Processes Subcom- 
mittee 
G. W. Hewitt, Chairman; Research 


Laboratories, Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 


(Continued on page 2184) 


2183 


J. O. Amstuz Troy, N. Y. 
J. B. Coolidge, Jr. State College, Pa. 
E. P. Miller Indianapolis, Ind. 
H, V. Nelson Schenectady, N. Y. 
S. R. Orem, Jr. Greenwich, Conn. 
G. W. Penney Pittsburgh, Pa. 
E. R. Thomas New York, N. Y. 
J. B. Thomas Baltimore, Md. 


H,. J. White Bound Brook, N. J. 


Liaison with Nucleonics Sub- 
committee 


G. A. Morton, Chairman; R. CG. A. 
Laboratories, Princeton, N. J. 


Liaison with Electronic Heating 
Subcommittee 


T. P. Kinn, Chairman; Electronics and 
X-Ray Division, Westinghouse Elec- 
tric Corporation, 2519 Wilkens 
Avenue, Baltimore 3, Md. 

R. M. Baker Baltimore, Md. 

W. C. Rudd New Rochelle, N. Y. 


Liaison with Standards Sub- 
committee 


CG. H. Willis, Chairman; Princeton Uni- 
versity, Princeton, N. J. 


Liaison with IRE Subcommittee 


R. S. Burnap, Chairman; Radio Corpora- 
tion of America, R. CG. A. Victor 
Division, Harrison, N, J. 


Liaison with JETEC Subcom- 


mittee 


D. E. Marshall, Chairman; Westinghouse 
Electric Corporation, Bloomfield,N. J. 


Papers Review Subcommittee 


W. C. White, Chairman; General Electric 
Research Laboratory, The Knolls, 
Schenectady, N. Y. 

W. R. Clark Philadelphia, Pa. 

H, F. Dart Bloomfield, N. J. 

Rudolf Feldt Clifton, N. J. 

R. E. Graham Kew Gardens, N. Y. 


S. B. Ingram Murray Hill, N. J. 
L. A. Kilgore East Pittsburgh, Pa. 
H. L. Palmer Schenectady, N. Y. 
H, C, Steiner Schenectady, N. Y. 


Dayton Ulrey 
Harold Winograd 


Lancaster, Pa. 
Milwaukee, Wis. 


Education in Electronics Sub- 
committee 


J. D. Ryder, Chairman; 
neering Dept., 


Electrical Engi- 
University of Illinois, 


Urbana, Ill. 
E, M. Boone Columbus, Ohio 
M. A. Honnell Atlanta, Ga. 
B. K. Northrop Ithaca, N. Y. 


A. J. Quigley 
J. T. Thwaites 

Hamilton, Ontario, Canada 
D. G. Wilson Lawrence, Kans, 


Notre Dame, Ind, 


Electronic Systems Engineering 
Subcommittee 


H. L. Flowers, Chairman; Acrophysics 
Department, Goodyear Aircraft 
Corporation, Akron 15, Ohio 

Victor Harris Silver Spring, Md. 


Electronic Semi-Conductor De- 
vices Subcommittee 


J.P. Jordan, Chairman; Electronics Labo- 
ratory, General Electric Company, 
Electronics Park, Syracuse, N. Y. 

C. B. Brown White Oak, Md 


Harold Goldberg Washington, D. (e§ 
J. R. Hyneman New York, N. Y. 
G. D. O'Neill Kew Gardens, N. Y. 


West Coast Subcommittee 
T. H. Morrin, Chairman; Department of 


Electrical Engineering, Stanford Re- 
search Institute, Stanford, Calif. 


2184 


Infrared Applications Subcom- 
mittee 


A. H. Canada, Chairman; General Engi- 
neering Laboratory, General Elec- 
tric Company, Schenectady 5, N. Y. 

A, R. Dennett Newport, R. I. 

W,. A. Dynes Dayton, Ohio 

W. G, Fastie Philadelphia, Pa. 

B. J. Goldfarb Dayton, Ohio 

B. D. Wilson East Pittsburgh, Pa. 

GC. S. Woodside Washington, D, C, 


Electronic Aids to Navigation 

Subcommittee 

H. R. Mimno, Chatrman; 
tory, Harvard University, 
bridge 38, Mass. 

High Frequency Conductors, 

Cables, and Connectors Sub- 

committee 

G. J. Crowdes, Chairman; Simplex Wire 
and Cable Company, 79 Sidney 
Street, Cambridge 39, Mass. 

W. R. Dohan Camden, N. J. 

E. W. Greenfield Newark, Ohio 


Cruft Labora- 
Cam- 


J. D. Heibel Erie, Pa. 
B. A, Jackson New York, N. Y. 
W. J. King Murray Hill, N. J. 
H. B. Slade Passaic, N. J. 
M. Tenzer Fort Monmouth, N. J. 


W. R. Thurston New York, N. Y, 


Committee on Instruments 
and Measurements 


J. H. Miller, Chatrman: Weston Electrical 
Instrument Corporation, 614 Fre- 
linghuysen Avenue, Newark 5, N. J. 

J. G. Reid, Jr., Vice-Chairman (East) 

Washington, D, C. 

J. E. Hobson, Vice-Chairman (West) 

Stanford, Calif. 

Ernst Weber, Secretary (East) 

Brooklyn, N. Y. 

W. S. Pritchett, Secretary (West) 

Berkeley, Calif, 


S. P. Bartles Rochester, N. Y. 
P. L. Bellaschi Portland, Oreg. 
H. W. Berry Minneapolis, Minn, 
P. A. Borden Waterbury, Conn. 
D. L. Brown Portland, Oreg. 
L,. A. Burckmyer, Jr. Ithaca, N. Y. 
D. T, Canfield West Lafayette, Ind. 
J. H. Chiles, Jr. Sharon, Pa. 
W. R. Clark Philadelphia, Pa, 
J. E. Clem Schenectady, N. Y. 
Nello Coda Erie, Pa. 
A. B. Craig Boston, Mass, 
E. B. Curdts Philadelphia, Pa. 
Cc. L. Dawes Cambridge, Mass. 
L. M. Dearing Hollywood, Calif. 
F. C. Doble Belmont, Mass. 
C, K. Duff Toronto, Ontario, Canada 
I. G. Easton Cambridge, Mass. 
W. N. Eddy Cambridge, Mass. 
G. V. Eltgroth Philadelphia, Pa. 
J. H. Enns Ann Arbor, Mich. 
R. K. Fairley Schenectady, N. Y. 
E. P. Felch, Jr. Murray Hill, N. J. 


Rudolf Feldt 


Clifton, N. J. 
J. G. Ferguson 


Murray Hill, N. J. 


F. J. Gaffney Brooklyn, N. Y. 
W. A. Geohegan New York, N. Y. 
T.S, Gray Cambridge, Mass. 


Ferdinand Hamburger, Jr. 
Baltimore, Md. 


F. K. Harris Washington, D. C, 
C. E. Hastings Hampton, Va. 
C. M. Hathaway Denver, Colo, 
A. J. Hornfeck Cleveland, Ohio 
W, G. Knickerbocker Detroit, Mich. 
H. C. Koenig New York, N. Y. 
F. X. Lamb Newark, N, J. 
G. L. Lane Spokane, Wash. 
Everett S. Lee Schenectady, N. Y. 
B. E, Lenehan Newark, N. J. 


W. N. Lindblad 
J. T. Lusignan, Jr. 
Harold Lyons 

N. W. Matthews 
W. J. Mayo-Wells 


Emeryville, Calif. 
Mansfield, Ohio 
Washington, D. C. 
Washington, D. C. 
Silver Spring, Md. 


G. A. Morton Princeton, N. J. 
L. J. Neuman Houston, Tex. 
David Packard Palo Alto, Calif. 
H. J. Plumley White Oak, Md. 
F. A. Redding Alhambra, Calif. 


C. F. Savage, Jr. West Lynn, Mass. 
(Continued in next column) 


F, B, Silsbee 

G. S, Smith 

Harry Sohon 

Carroll Stansbury 

K. M, Stevens 

L. N. Stone 

J. M. Vanderleck 
Toronto, Ontario, Canada 

W. H. Wickham Chicago, Il. 

A. H. Wing, Jr. Evanston, Ill, 

CG. J. Zeller New York, N. Y. 


Washington, D, GC, 
Seattle, Wash, 
Philadelphia, Pa. 
Washington, D, GC. 
Alhambra, Calif. 
Corvallis, Oreg, 


Organization Subcommittee 


T. S. Gray, Chairman; Massachusetts 
Institute of Technology, Cambridge 39, 
Mass, 

CG. F, Savage, Secretary 
W. R. Clark 


Lynn, Mass, 
Philadelphia, Pa. 
Murray Hill, N. J. 
H New York, N. Y. 
E. S. Lee Schenectady, N. Y. 
J. H. Miller (ex officio) | Newark, N. J. 
J. G. Reid, Jr. (ex officio) 

Washington, D. C, 


Co-operation with Instrument 
Society of America Subcom- 
mittee 


(Personnel to be selected) 


Definitions Subcommittee 


GC. L. Dawes, Chairman; Harvard Uni- 
versity, Cambridge 39, Mass, 


T. E. Clem Schenectady, N. Y. 
A. B. Craig Boston, Mass. 
H. CG. Dickinson Lynn, Mass, 
R. K, Fairley Schenectady, N. Y. 
W. N. Goodwin, Jr. Newark, N. J. 
B. E. Lenehan Newark, N. J. 


F. B. Silsbee Washington, D, C, 
Dielectric Measurements in the 
Field Subcommittee 


E. B. Curdts, Chairman; James G. Biddle 
Company, 1316 Arch Street, Phila- 
delphia 7, Pa. 


W. G. Amey Philadelphia, Pa, 
J. E. Clem Schenectady, N. Y. 
F. CG, Doble Belmont, Mass. 
GC. A. Duke Chattanooga, Tenn, 
W. F. Dunkle Hazleton, Pa, 
I. G, Easton Cambridge, Mass, 
W. N, Eddy Cambridge, Mass, 
I, W. Gross New York, N. Y. 


Rochester, N. Y. 
Emeryville, Calif, 
Lancaster, Pa, 
Sharon, Pa, 
Birmingham, Ala. 
Chicago, Ill, 


H. J. Klumb 

W. N. Lindblad 
H. CG, Marcroft 
J. H. McWhirter 
R. L, Murray 
W. H. Wickham 


High Frequency Measurements 
Subcommittee 


Ferdinand Hamburger, Jr, Chairman; 
The Johns Hopkins University, 


School of Engineering, Baltimore 18, 
Md. 


R. G. Fellers Washington, D, CG. 
R. K. Hellmann Little Neck, N. Y 
J. W. Kearney Mineola, N. Y. 
H. Lyons Washington, D, C, 
H. R. Meahl Schenectady, N. Y. 
D. C. Ports Washington, D, GC 
Ernst Weber Brooklyn, N. Y. 


A. J. Wing, Jr. Evanston, Ill, 


Industrial Spectroscopy Sub- 
committee 


J. H. Enns, Chairman; Randall Labora- 
tory, University of Michigan, Ann 


Arbor, Mich, 
H. M. Bedell Cleveland, Ohio 
G. D, Butler New York, N. Y. 
D. K. Coles East Pittsburgh, Pa. 
CG. H. Corliss Washington, D.C. 
H. M. Crosswhite Baltimore, Md. 
W. G. Fastie Philadelphia, Pa, 
W. D. Hershberger Berkeley, Calif. 
E, K. Jaycox Murray Hill, N. J. 
L. W. MeNair Wood River, III, 
J. Sherman Philadelphia, Pa, 
John Sterner Cambridge, Maas, 


Van Zandt Williams Glenbrook, Conn. 


Officers and Committees 1951-1952 


‘} 


Marking of Varmeters and 
Related Instruments Subcom- 
mittee 


A. B. Craig, Chairman; Boston Edison 
Company, 39 Boylston Street, Boston, 


Maas, 
A. L, Brownlee Chicago, Ill. 
A. L. Garvill Lynn, Maas. 


W, G. Knickerbocker 
A. BE. Knowlton 

F, A, Redding 

F, B. Silsbee 

H,. B. Smith 


Detroit, Mich, 
New York, N. Y. 
Los Angeles; /Calif. 
Washington, D. C, 
Builalo, N. Y, 


Master Test Code for Power 
Measurements Subcommittee 


CG. J. Zeller, Chairman; Consolidated 
Edison Company of N, Y., Inc., 708 
First Avenue, New York 17, N, Y. 

A. G, Christie Baltimore, Md. 


J. L. Fuller Cleveland, Ohio 
W. G, Knickerbocker Detroit, Mich, 
H. GC, Koenig New York, N. Y. 
B. E. Lenehan Newark, N. J. 
L. W. Match Chicago, Ill. 
J. H. Miller Newark, N. J. 
CG, F, Savage, Jr. West Lynn, Mass, 
H. Sohon Philadelphia, Pa. 
L. N,. Stone Corvallis, Oreg. 


Revision of Standard No. 4 Sub- 
committee (Measurement of 
Test Voltage in Dielectric Tests 
(ASA C-68A)) 


J. T. Lusignan, Jr., Chairman; Ohio Brass 
Company, Mansfield, Ohio 

P. L, Bellaschi Portland, Oreg. 

J. S. Carroll Stanford, Calif. 


J. J. Clark East Pittsburgh, Pa. 
J. EB. Clem Schenectady, N. Y. 
E. W. Davis Cambridge, Mass. 
GC. M, Foust Schenectady, N, Y. 
H. A. Frey Baltimore, Md. 
M, Getting, Jr. Pittsburgh, Pa. 
I. W. Gross New York, N. Y. 


J. A. Hagenguth 

W. B. Kouwenhoven 
W. W. Lewis 

G. D. McCann, Jr. 
M. M. Newman 


Pittsfield, Mass. 
Baltimore, Md. 
Schenectady, N. Y. 
Pasadena, Calif. 
Minneapolis, Minn. 


J. A. Park Washington, D, C. 
W. C. Sealey Milwaukee, Wis. 
GC. S. Sprague Lafayette, Ind. 
W. L, Teague Sharon, Pa. 
W. H. Wickham Chicago, Il. 
S. W. Zimmerman Ithaca, N. Y. 


Master Test Code for Speed 
Measurements Subcommittee 


(Personnel to be selected) 


Watthour Meters Subcommittee 


B. E. Lenchan, Chairman; Westinghouse 
Electric Corporation, 95 Orange 
Street, Newark, N. J. 


H. A. Brown Rochester, N. Y. 
G. N. Burkhart, Jr. Lafayette, Ind. 
D. T. Canfield Lafayette, Ind. 
A. B, Craig Boston, Masa. 
F. GC. Holtz Springfield, Ill. 
W. G. Knickerbocker —_ Detroit, Mich. 
H. GC, Koenig New York, N, Y. 
W. N. Lindblad Emeryville, Calif. 
F. H, Rogers Baltimore, Md, 


GC. F. Savage, Jr. 
K, M. Stevens 
M. B. Stout |, 
J. M. Vanderleck 
Toronto, Ontario, Canada 


West Lynn, Mass, 
Alhambra, Calif, 
Ann Arbor, Mich, 


Navigation Instruments Sub- 
committee 
G. E. Hastings, Chairman; Hastings 


Instrument Company, Super High- 
way and Pine Avenue, Hampton, Va, 


J. L. Anast Dayton, Ohio 
W. H. Bigger Cedar Rapids, lowa 
W. G. Blaisdell ©» New York, N. Y. 
R. T. Brown Washington, D. C, 
J. B. Coleman Camden, N, J. 
J. H. Dellinger Chevy Chase, Md. 
J. B. Feder pers Dd, Cc. 
W. P. Frantz Great Neck, L, I, N. Y. 
W. N. Hubbard Essex, Conn, 
(Continued on page 2185) 


AIEE TRANSACTIONS 


G. M. Jansky, Jr. Washington, D. C. 
J. W. Leas Camden, N. J. 
K. A. Norton Boulder, Colo. 
J. D. Peterson Teterboro, N. J. 
P. C. Sandretto Nutley, N. J. 
W. H. Skidmore Newark, N. J. 
A. F. VanDyck New York, N. Y. 
A. H. Warner Cocoa, Fla. 
P. V. H. Weems Annapolis, Md. 
H, S. Whitehead Lynn, Moss. 


Recorders and Controllers Sub- 
committee 
A. J. Hornfeck, Chairman; Bailey Meter 


Company, 1050 Ivanhoe Road, 
Cleveland 10, Ohio 


R. F. Wild, Secretary Wilmington, Del. 
E, F. Adams Newark, N. J. 
P. A. Borden Waterbury, Conn. 
G. L. Broomell Philadelphia, Pa. 
R. K. Fairley Schenectady, N. Y. 
J. G. Ferguson Murray Hill, N. J. 
Albert Hansen, Jr. West Lynn, Mass. 
W. H. Howe Foxboro, Mass. 
H, C, Koenig New York, N. Y. 
T. L. Mell Philadelphia, Pa. 
F, A. Ransom Washington, D. C, 
W. A. Stelzer Midland, Mich. 


J. M. Vanderleck 
Toronto, Ontario, Canada 
W. G. Walker Philadelphia, Pa. 
Instruments and Measurements Rep- 
resentatives on other Committees 


Standard Frequency Bands and Designa- 
tions Joint Subcommittee: I. G. 
Easton, General Radio Company, 
Cambridge, Mass. 


ASA Instrument Transformer: J. H. 
Chiles, Jr., Westinghouse Electric 
Corporation, Sharon, Pa. 


ASA Revision of C-39.1: H. C. Koenig, 
Electrical Laboratories, New York, 
1 he 


ASA Revision C-39.2: H. C. Koenig, 
Electrical Laboratories, New York, 
No Y¥. 


AIEE Computing Devices Committee: 
G. V. Eltgroth, Remington Rand, 
Inc., Philadelphia, Pa. 


ASME Industrial Instruments and 
Regulators: E. S. Lee, General 
Electric Review, Schenectady, N. Y. 


Joint AIEE-IRE Noise Definitions Com- 
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(Continued in next column) 


1951, VoLUME 70 


E. V. Weir, Secretary Butler, Pa. 
A. O. Black, Jr. Butler, Pa. 
L. W. Buechler St. Louis, Mo. 
W. J. Field St. Paul, Minn. 
L. A. Finzi Pittsburgh, Pa. 
A. 8. Fitzgerald San Francisco, Calif. 
W. A. Geyger Silver Spring, Md. 
A. B. Haines Murray Hill, N. J. 
J. E. Hart Washington, D. C. 
W. C. Johnson Princeton, N. J. 
H. W. Lord Schenectady, N. Y. 
F, S. Malick Pittsburgh, Pa. 
R. W. Moore Buffalo, N. Y. 
H. M. Ogle Schenectady, N. Y. 
P. L. Schmidt East Pittsburgh, Pa. 
C, F. Spitzer Syracuse, N. Y. 


Applications Subcommittee 


R. W. Moore, Chairman; Westinghouse 
Electric Corporation, 4457 Genesee 
Street, Buffalo 5, N. Y. 

W. J. Dornhoefer Mount Vernon, N.Y. 


L. A. Finzi Pittsburgh, Pa. 
A. S. Fitzgerald San Francisco, Calif. 
A. B, Haines Murray Hill, N. J. 
A. D. Hitt, Jr. Washington, D. C. 
W. F. Horton Wilkinsburg, Pa. 
H. M. Ogle Schenectady, N. Y. 
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R. A. Ramey Washington, D. C, 
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Test Code Subcommittee 
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Company, General Engineering 
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L. W. Buechler St. Louis, Mo. 
L. A. Finzi Pittsburgh, Pa. 
F, S. Malick Pittsburgh, Pa. 
E. V. Weir Butler, Pa. 


Speed of Response, Figure of 

Merit Subcommittee 
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of Technology, Electrical Engineer- 
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W. J. Dornhoefer Mount Vernon, N. Y. 


L. Harder East Pittsburgh, Pa. 
W. C. Johnson Princeton, N. J. 
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Rectifiers 
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P. G. Cobb Newark, N. J. 
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Jj. L. Wagner Endicott, N. Y. 
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W. F. Bonner Clifton, N. J. 
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Company, River Works, West Lynn 
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Test Code Subcommittee 


I, R. Smith, Chairman; Motor Engineering 
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J. T. Cataldo Fort Monmouth, N. J. 
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Patents Subcommittee 

Glen Ramsey, Chairman; Fansteel Metal- 
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vision, North Chicago, IL. 
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Joint Subcommittee on Carbon 
Brushes (Joint AIEE Technical 
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C. A. Mabey Newark, N. J. 
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Harold Lyons Washington, D. C. 
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Joint AIEE-IRE Co-ordination 


Committee 
W. J. Barrett Newark, N. J. 
Everett S. Lee Schenectady, N. Y. 


Library Board, United Engineering 
Trustees, Inc. 


N. S. Hibshman 
W. G. Vieth 


Brooklyn, N. Y. 
New York, N. Y. 
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Accelerators, Dielectric Loading for Waveguide Linear. 
Hreswery@onw'.'.) 252.235. a0000¢ 887-93; disc. 2136 
Accuracy of Current Transformers Adjacent to High- 
(Cument Busses, Whe. Pfuntner,:/7.0....2...... 
EM eens cite ee tae hatte 1656-61; disc. 1661 
Accuracy of Holding Time Measurements, On the. 
MUSE seo vvcwnn it cateee ents 1912-18 
Acoustic Models of Transformer Installations. Gettys, 
PID VOUM Metisse c cote eee tt 333-6; disc. 336 
ACSR Conductors, Current Carrying Capacity of. 
Waghorne, Ogorodnikov...... 1159-61; disc. 1161 
Admittance Functions, Loci of Complex Impedance 
I MMNVIRCOACIS fcc gle cies aia ts ale sislen dchalersec 299-303 
Admittance Remains Constant as Load Varies, Net- 
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Air Blast Circuit Breaker, A New 69-Kv. Shores, 
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Air-Break Contactor for Industrial Service, A New 
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Aircraft D-C Systems, Fault Transients in. Scorgie... 
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Capacity by the Probability Method Effect of Inter- 
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Multiple-Unit. Jungk........... 243-5; disc, 245 
Carbon-Pile Voltage Regulators, Steady-State Charac- 
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Equipment for Industrial Applications. Gunter. . 
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Carrier-Frequency Noise on Power Lines, A Study of, 
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Part I. Theoretical Considerations and Measuring 
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Part II. Results of Field Measurements... . . 1325-34 
Carrier Relaying System, Measurements and Tests on 
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orne, Ogorodnikov...... 1159-61; disc. 1161 

Cars, Ca.” Equipment and Performance of Light- 
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Chains, Codes, and Translations in Dial Pulse Register 
Circuits, Relay Counting. Oberman..... 1907-11 
Change Welders, Ignitrons for Frequency-. Rottier, . . 
ou Con SS SES etic caice sh tence 900-07 
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Brotective, ISalb. .....eece eas 379-83; disc. 383 
Characteristics of a 3-Phase Delta Submarine Power 
Cable Circuit Using Earth as One Conductor, 
Electrical. Wollaston........ 1266-71: disc. 1271 
Characteristics of Carbon-Pile Voltage Regulators, 
Steady-State. Scorgie, Schaefer.......... 1572-7 
Characteristics of D-C Motor Driven by Controlled 
Rectifiers, Servomechanism. Harris...... 1582-8 
Characteristics of Half-Wave Self-Saturated Magnetic 
Amplifiers, Predetermination of Control, Lehmann 
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Characteristics of Reluctance Machines. iis 1971-7 
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Chokes Power Flow in New Lightning Arresters, Spiral 
Btcmeeackermann, DeValu. in. 6a dea ienenes 995-8 
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Impedances of Machine Conductors. Babb, Wil- 
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Circuit Breaker Application at Grand Coulee, Resist- 
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Circuit Breaker, Field Tests at Grand Coulee Dam on 
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Circuit Breakers, A Spring Mechanism for Hand Clos- 
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MaMer Goche feelin oh e/ayinin (a) ahoyinltann's 1829-32; disc. 1832 
owt Besien Beneficially Studied by Unit System, 
Economic Primary, Blake. ...1149-57; disc. 1157 
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Communication Channel, Vibracode System of Super- 
visory Control on a Carrier. Allen, Daniel....... 
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(Communication) Investigation of the Selenium Recti- 
fier for Contact Protection, Herbig, Winters..... 
Pei hE Meith PAL Oe eT ea RRC rea 1919-23 
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Commutation in Universal-Type Motors. 
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Condenser, Technical Problems Associated with the 
Application of a Capacitor in Series with a Syn- 


chronous. Witzke, Michelson............ 519-25 
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DEsign: Ofc psLhAVersiis)ceetaegeoa iar 626-30 


Conditions in a Transformer Supplying Energy to a 
Half-Wave Rectifier Circuit, Transient, Martin. . 
Conduction Phenomena Near Current Zero for an A-C 
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Conductivity of Moist Soil, The Thermal. Méickley... 
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Calculations—Effect of. Tietze..........-. 784-6 
Conductor, Electrical Characteristics of a 3-Phase Delta 
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Oners Wollastontanctcins ts, sede © 1266-71; disc. 1271 
Conductors, Circuit Analysis Method for Determination 
of A-C Impedances of Machine. Babb, Williams. 
Peas ana e sateebein te teria eee la 661-5; disc. 665 
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Waghorne, Ogorodnikov...... 1159-61; disc. 1161 
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Conductors, Network Analysis of A-C Machine. Babb, 
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mental Work, The Torsional Damper for. Burgess, 
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Configuration in Overhead Lines, Welding Calcula- 
tions—Effect of Conductor, Tietze........ 784-6 
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Admittance Remains, Berkowitz,......... 286-91 
Constants, A Per-Unit Interpretation of Transmission 
Line, Povejsil, Johnson... .... 194-200; disc. 200 
Contact Protection, Investigation of the Selenium Rect- 
fier for. Herbig, Winters.........0+5+- 1919-23 
Contact Resistance-—-The Contribution of Nonuniform 
Current Flow. Kouwenhoven, Sackett... ..791-5 
Contact Testing, An Electronic Power Source for Large 
DiGi TPettt ne cab eignisn avec hele 320-2 
Contact Transients in Simple Electric Circuits. Martin, 


NSUEULAS sat antares f . 304-07; disc. 307 
Contactor for Tridustrial! Service A New 5,000-Volt Air- 
Break, Goldberg... : 2030-4 
ContinentalDivide Links Power Systen ms, “Cable Through 
Tunnel Under, Wilson, Nelson. 1556~62; disc,1562 
Continuous Current for Groups of Variable Loads, 
Equivalent. Boice........... 1938-41; disc. 1941 
Contribution of Nonuniform Current Flow, Contact 
Resistance-—The. Kouwenhoven, Sackett. .791-5 
Contribution to the Theory of the Poe Induction 


Motor, A, Douglas. ante 862-6 
Control, A-C Are We iderd with ‘ Saturable Reactor, 
Oestreicher....... 787-90 


Control Characteristics of Half-Wave Self-Saturated 
Magnetic Amplifiers, Predetermination of. Leh- 
MANN, genes 2097-2103; disc. 2103 

Control Crossbar Automatic Telephone System of the 
Swedish Telephone and ‘Telegraph Administration, 
A New Gommon. Rost, Modee, Ek, Strandlund, 

ie hcheicheurly Sauna MeL ero On araOnt arr . 1763-8 

Control Equipment, A Ne\ w L lightweight Rapid ‘Transit. 


Lichtenfels, Moore. 224-6 
Control Equipment, A-G Multiple-Unit Gar. O'Kelly 
niece Rc weniete 652-6 
Control for Mechanical Rectifiers, G fommutating Re- 
actor, Diebold. ...., 1062-5 


Control for the Pennsylvania Railroad, New A-C 
Multiple-Car, Newhouse, . 645-7; disc, 647 
Control of Magnetic Amplifiers, On the, Ramey, 

4 A ; bare ; 2124-8 
Control on a Carner Communication Channel, Vibra- 
code System of Supervisory, Allen, Daniel. 

. 818-22; disc, 822 
(Committee Report) 
..410-17 
Control Room Lightings: INa Engineering Approach to, 

Dzwonczyk.....66: . 852-7; disc. 857 
Control System for Railroads, A Modern Cab Signaling 
and Train, Allison, .., . .232-8; disc, 238 
Control Systems by Means of Pole and Zero Location of 
the Closed Loop Function, Synthesis of Feedback. 
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Control Systems Studied Through Comparison of 
Sampling with Amplitude Modulation, Sampled- 
Patan LATA iad ss y sauenrcs . 1779-86; disc, 1787 
Control Winding Applied Voltage, 2-Phase A-C. Servo 
Motor Operation for Varying Phase Angle of the 
Steinhacker, Me 1987-93 
Controlled Rectifiers, Servomechanism Characteristics 
of D-G Motor Driven by, Harris......... 1582-8 
Controllers Co-ordinated with Distribution Switchgear, 
High-Voltage Motor, Montgomery, Bloodworth. 


Control, Power System Fault, 
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wupomiPeedhack. Jored snus: ves srens ees 460-4 
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Core of High Voltage Stator Windings, Slot Discharge 
Detection Between Coil Surfaces and, Johnson. . 
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Core Reactor, The Closed, Bennon,......... 2026-9 
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Corona Loss Measurement and Analysis—500-Ky Test 
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Corona Measurements and Their Relation to the Dielec- 
tric Strength of Capacitors, Development of, 
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Corrosion in Industrial Plants, Protection of Electric 
Equipments Against. Springer. 1605—11; dise, 1611 
Costs for Use in the Economic Comparison of Alterna- 
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Costs of Bituminous Goal Mines, Analysis of Power. 
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